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Abstract 

 When silicon is irradiated the objective is to produce number of phosphorus 

atoms in the target sample in order to obtain a given resistivity after the treatment. 

The resistivity of the sample is decreased by the transmutation of the silicon, by 

neutrons to phosphorus. Irradiation is carried out by thermal neutrons. The irradiation 

of silicon ingot large diameter has been carried out in heavy water research reactor 

since the thermal neutron flux to the fast neutron flux in order of 1000:1. The neutron 

spectrum is highly thermalized and some of these neutrons can reach the center of the 

silicon ingot and gives the radial resistivity gradient in accept range. Due to the 

disadvantages of heavy water research reactor such as tritium generation as a result of 

the neutron capture by deuterium. The tritium is radioactive emitting beta particles 

with a half life of 12.3 years so the heavy water research reactor is closed to avoid the 

intake of bête particles. The new trend in light water research reactor to design a 

neutron filter from heavy water or graphite to moderate the neutron to offer neutron 

spectrum like heavy water reactors, and keep the advantages of light water research 

reactors such as open pool. In this work we try to use graphite, heavy water and light 

water to design a neutron filter using the MCNP for different silicon ingot diameter. 

The light water research reactors can irradiate silicon ingot up to 10 inches diameter 

with accepted radial resistivity gradient (RRG). Graphite is the best filter in case of 10 

inch with maximum radial variation (MRV) 7.564%; Light water is the best filter in 

case of 6 and 8 inch with MRV 2.197% and 4.85% respectively. In case of 6 and 10 

inch Heavy water is the second choice.  
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Chapter one 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 
   - � - 

 

1.1 General 

The irradiation of silicon for neutron transmutation doping (NTD) has become an important 

item in the industrial utilization of research reactors. This utilization is in fact an important 

technique in the electronic industry as it is used in the production of thyristors, diodes, and 

integrated circuits. 

The demand in neutron transmutation doping silicon is increased due to the high quality, 

precision of doping, and minority carrier lifetime control. High power electronic components 

are fabricated from NTD wafers. N – Type wafers are used more than p- type wafer as 

substrate due to the fact that the mobility of electrons is higher than mobility of holes (the 

mobility of electrons is twice the mobility of holes).                                        .                                                                         

Neutron transmutation doping (NTD) of silicon is known as an important process in the 

industrial utilization and also a substantial source of income for numerous research reactors 

throughout the world. The neutron transmutation doping silicon (NTD-Si) for n-type 

semiconductors is produced by the conversion of 
30

 Si isotope, whose abundance is 3.12% in 

natural silicon, into a phosphorus atom by the neutron absorption reaction as follows: 

 

(1-1)                          

The resistivity of a semiconductor is inversely proportional to the
31

 P atom concentration.   

Using this method, silicon semiconductors with uniform resistivity distribution can be 

produced [1]. The uniform resistivity distribution is the main advantage of NTD compared 

with conventional chemical doping methods. This uniform resistivity distribution is generally 

required to produce   high power semiconductors and special sensors to decrease the 

possibility of device breakdown [2, 3]. Then, a prime target of NTD is to achieve uniform 

neutron irradiation throughout an entire Si-ingot since the resistivity distribution mainly 

depends on the neutron irradiation. 

The resistivity distribution caused by the neutron attenuation effect was found inside the Si-

ingot even though the silicon itself was quite transparent to the neutrons. Since the Si-ingot for 
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NTD was a cylindrical shape, its irradiation uniformity was generally expressed by the axial 

and radial variation of resistivity after the irradiation. The axial irradiation uniformity, which 

was caused by the axial neutron flux distribution, was achieved by conventional flattening 

methods, including the reverse, round-trip and fixed methods used in many research reactors 

[4]. The radial irradiation uniformity became almost flattened in the Si-ingot with small 

diameter since the neutron mean free path is sufficiently long [5]. However, in the Si-ingot 

with large diameter, the radial irradiation uniformity became worse because of the neutron 

attenuation effect. Then additional efforts were concentrated on the radial uniformity 

flattening for the Si-ingot with large diameter. 

NTD was firstly launched at research reactors using a 2" diameter silicon (Si)-ingot in the 

mid-1970s, the Si-ingot diameter had been gradually increased year after year [6]. Nowadays, 

the worldwide demand for high power semiconductors is rapidly increasing in view of the 

sufficient supply for new power generation systems, such as hybrid cars and hydrogen fuel 

cell engines. In order to satisfy the supply of high power semiconductors, larger diameter Si-

ingot irradiation was requisite [7]. Larger diameter Si-ingot need to irradiate in Heavy water 

reactors not in Light water reactors because thermal neutron absorption in Heavy water 

reactors is lower and the thermal neutron flux to fast neutron flux in order of 1000:1; this 

means that the neutron spectrum in heavy water reactors is highly thermalized, but heavy 

water reactors have two main problems: 

1- Heavy water is very expensive. 

2- Tritium generation during irradiation. 

Tritium (3H) is a radioactive form of hydrogen with half life of 12.3 years. Tritium is a beta 

emitter particle with energy (0-19 kev). The main hazard of beta is the body intake (by 

inhalation), so all heavy water research reactors are closed to collect tritium and avoiding beta 

intake. Light water research reactors with open pool type enable the operators to load and 

unload samples such as silicon or any other samples easily during the reactor operation. 

Although the heavy water reactors are closed, 1% of tritium escapes from the reactor 

containment and is considered as a routine radioactive emission [8, 9, and 10].       
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To overcome the problems of heavy water reactors, heavy water could be used as a filter in a 

sealed container in Light water rector. In this case the advantage of both Light and Heavy 

water could be collected (low thermal neuron absorption for Heavy water, and cost will 

decrease because of using Light water) 

The homogeneity of 
30

Si isotopes in the silicon crystal sample and also the possibility of 

precise control of neutron fluxes can enable us to reach desirable homogeneity and specified 

resistivity in the final product. In the conventional method, silicon doping is done by adding 

impurities during the solidification and crystal growth. In most cases, these procedures lead to 

inhomogeneous distribution of impurities in the solid. As an example the conventional n-type 

doping of phosphorus leads to large doping variation up to 50%. 

In the NTD method, the homogeneity of the final product depends on the following factors: 

i. Homogeneity of initial material 

ii. Difference between final and initial concentration of impurities 

iii. Homogeneity of neutron flux in the reactor 

iv. Dimensions and diameter of silicon ingots. 

Elimination of the effect of initial material inhomogeneity on the homogeneity of the final 

product requires that the dopant concentration in the final product should be almost 1 fold 

greater than the initial dopant concentration. The concentration of induced phosphorous by 

neutron irradiation can be calculated by the following equations: 

            (1-2) 

where: 
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By considering the relation between resistivity and concentration of impurities for n-type 

materials we obtain: 

 

(1-3) 

where: 

                                                  (1-4) 

 

Some points are related to NTD process should be mentioned: First, due to lattice defects 

induced by fast neutrons (E ≥1 Mev) (IAEA, 1988) it is desirable that the ratio of thermal to 

fast flux would be greater than 10. Second, for a large silicon sample, the homogeneity of the 

final product would be decreased. So to prevent this problem, and to have high homogeneity 

in the radial and axial direction, several methods such as continuous rotating and moving of 

the silicon sample in radial and axial directions during the irradiation period and using 

absorber materials and windows for flux flattening in longitudinal direction were employed 

(IAEA, 1988). Also, desirable homogeneity in the system can be achieved without rotation 

and continuously moving of the silicon sample and also without introducing absorber 

materials. A concept which satisfies the optimum conditions for absolute thermal flux, thermal 

flux fluctuation and the ratio of thermal to fast flux at the irradiation position is based on the 

use of partial reflector environment surrounding irradiation channel. The computer simulation 

with MCNP, WIMS and CITATION codes was used for determination of the parameters of 

this environment. 
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1.2 Objectives of the Study 

A theoretical study has been done for silicon ingot with large size (more than 5 inch in 

diameter) because this is an industry demand. Maximum Radial Variation (MRV) was chosen 

in order to make an optimization between different ingot sizes and different filters types, in 

addition of the filter’s thickness. This has been carried out by using the MCNP (Monte Carlo 

code). 

  

In particular, the information generated during the optimization has been used to determine: 

 

• The best ingot size that meets the condition of MRV. 

• The optimum material to use as a neutron filter depending on MRV. 

• The optimum thickness of filter depending on MRV. 

1.3 Thesis organization 

The thesis falls in to five chapters including this introduction 

• Chapter two: literature review of the silicon doping field in Last years. 

• Chapter three: description of the silicon doping facility, MCNP code which used in 

the simulation and the method used in the design of large sizes of silicon ingots. 

• Chapter four: discussion and analysis of the obtain results. 

• Chapter five: presents the conclusions. 
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Chapter two 

Literature review 
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2.1. Silicon element 

Silicon is the eighth most common element in the universe by mass, but very rarely occurs as 

the pure free element in nature. It is most widely distributed in dusts, sands, planetoids, and 

planets as various forms of silicon dioxide (silica) or silicates. Over 90% of the Earth's crust is 

composed of silicate minerals, making silicon the second most abundant element in the earth’s 

crust (about 28% by mass) after oxygen.[11] 

Silicon has a large impact on the modern world economy. Although most free silicon is used 

in the steel refining, aluminum-casting, and fine chemical industries (often to make fumed 

silica), the relatively small portion of very highly purified silicon that is used in semiconductor 

electronics (< 10%) is perhaps even more critical. Because of wide use of silicon in integrated 

circuits, the basis of most computers, a great deal of modern technology depends on it. 

 

2.1.1 Isotopes of silicon  

Silicon has 24 known isotopes, with mass numbers ranging from 22 to 45. 
28

Si (the most 

abundant isotope, at 92.23%), 29Si (4.67%), and 30Si (3.1%) are stable. The longest-lived 

radioisotope is 32Si, which is produced by cosmic ray spallation of argon. Its half-life has 

been determined to be approximately 170 years (0.21 MeV), and it decays by beta 

emission to 
32

P (which has a 14.28 day half-life [12]) and then to
32

S. After 
32

Si, 
31

Si has the 

second longest half-life at 157.3 minutes. All of the remaining radioactive isotopes have half-

lives that are less than seven seconds, and the majority of these have half-lives that are less 

than one tenth of a second. The least stable is usually 
43

Si with a half-life greater than 60 

nanoseconds. 

The most common decay mode of six isotopes with mass numbers lower than the most 

abundant stable isotope, silicon-28, is β+, primarily forming aluminium isotopes (13 protons) 

as decay products.[13] The most common decay mode(s) for 16 isotopes with mass numbers 

higher than silicon-28 is β−, primarily forming phosphorus isotopes (15 protons) as decay 

products.[14] 
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Table (2-1) Isotopes of silicon element and their properties 

Nuclide 

symbol 

Z(p) N(n) Isotopic mass 

u 

Half-life Decay 

mode(s)  

Daughter 

isotope(s) 

�	 (
��) 
Al 

22
Si �� � ������� � �� �	� p (��) 

�
Mg 

23
Si �� � ������ ��� �� �

	
 

�
Al 

�
	
 (��) 

�
Al 

24
Si �� �� �������
 ��� �� �

	
� p (��) 

�
Mg 

�
	
 (
�����) 

�
Al 

25
Si �� �� �������
 � �� �

	
� p (�
���) 

�
Mg 

26
Si �� � ������ ��� � �

	
 



Al 

27
Si �� �� 
���
����� ���
 � �

	
 

�
Al 

28
Si �� �� ����
�
�� STABLE     

29
Si �� �� ����
���� STABLE     

30
Si �� �
 ���������� STABLE     

31
Si �� �� �������
�� ����� �#n �

−
 

��
P 

32
Si �� �� ����������� ��� & �

−
 

�
P 

33
Si �� �� ����� 
��� � �

−
 

��
P 

34
Si �� � ��������
 ��� � �

−
 

��
P 

�
−
 (������) 

��
P 

35
Si �� � �������� ��� �� �−� n (��
�) 

��
P 

�
−
 (���) 

�

P 

36
Si ��  �����

 ���� � �

−
� n (��) 

��
P 

�
−
 (���) 

��
P 

37
Si �� � �
����� �� �� �

−
� n (���) 

�

P 

�
−
� n 

��
P 

38
Si �� � ������
� ��� �� '(� )�* �

−
 

�

P 

39
Si �� � ������� ���� �� �

−
 

��
P 

40
Si �� 
 �������� ���� �� �

−
 

��
P 

41
Si �� � �������
 ��� �� �

−
 

��
P 

42
Si �� � �������� �� �� �

−
 

�
P 

43
Si �� � �����

� 

��� �� '(
� 

n�*     

44
Si �� �� ������
� ��� ��     
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Values marked # are not purely derived from experimental data, but at least partly from 

systematic trends. 

 

2.2. Neutron transmutation doping 

 

Neutron transmutation doping (NTD) is a doping method for special applications. Most 

commonly, it is used to dope silicon n-type in high-power electronics. It is takes place when 

undoped (high purity) silicon is irradiated in a thermal neutron flux. The purpose of 

semiconductor doping is to create free electrons (low resistivity)[15]. The thermal neutron is 

captured by the 
30

Si atom, which has a 3% abundance in pure Si. Due to the high 

neutron/proton ratio of 31Si, it will release a beta and, by converting a neutron to a proton, the 

31
Si atom transmutes to a 

31
P atom. 

 

The resistivity of the semiconductor is inversely proportional to the P-31 atom concentration. 

Using this doping method, silicon semiconductors with extremely uniform dopant 

distributions can be produced [16, 17]; this is the main advantage of NTD compared with 

conventional chemical doping. Among the very wide applications of silicon semiconductors 

such as integrated circuits (IC), thyristors (SCR), transistors, etc., good uniformity of dopant 

concentration is generally required for high power applications in order to prevent hot spot 

formation and the eventual possibility of device breakdown [18,19] as well as for special 

sensors. NTD is one of the rare cases in research reactor utilization where direct industrial 

applications are possible [20]. 

 

A silicon ingot is not easily irradiated uniformly, because the distribution of neutron flux has a 

comparatively large gradient in silicon ingot at rest. Therefore, a silicon ingot should be 

rotated at constant speed, and neutron absorption reaction in radial direction can achieve 

homogenization. Using this doping method, silicon semiconductors with extremely uniform 

dopant distributions can be obtained. 
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2.3. Thermal filters 

 

A thermal neutron filter with a relatively large neutron scattering cross-section improves the 

distribution of thermal neutron flux on the radial direction (figure (2.1)).It cut the low energy 

of irradiated neutron spectrum by absorption. Epi-thermal neutrons interact with the thermal 

filter by making a series number of scattering. 

  

 

 

 

Figure (2-1) Diagram for the improvement of thermal neutron 

flux distribution in the radial direction. 

  

2.4. The recent research for using silicon doping in research reactors 

 

X.Li, H.Gerstenberg, and I. Neuhaus ( 2009), Silicon doping has being carried out at FRM 

II (Germany research reactor) since 2 years. During the commissioning of our new reactor, a 

simple test rig was used to determine the neutron. Flux profile at the irradiation position and 

optimize a nickel absorber liner, which is equipped at the irradiation position for vertical 

smoothing of the neutron flux profile. MCNP code was used during the design of the liner. 

The final automatic doping system is designed to allow the irradiation of cylindrical silicon 
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single crystals 500 mm high and up to 200 mm in diameter. Silicon ingots are additionally 

rotated continuously about their own cylinder axis during irradiation. The neutron flux density 

is measured on line by using self - powered neutron (SPN) detectors. The necessary doping 

homogeneity of 75 % is achieved. The doping procedure and doping quality of ingots with 

high target resistivity are also discussed [21]. 

During the reactor commissioning, the profile of the local neutron flux at the silicon 

irradiation position was determined by using a simplified test rig. This test rig consisted of a 6 

m long tube made of AlMg3 with a special coupler and an electric rotating device for the 

container on the top of the long tube. The coupler was able to grasp an irradiation container 

(AlMg3) under the water directly. The crane in the reactor hall was used to move the       

doping rig. 

 

Based on the experience with the handling of the test rig, the final silicon doping facility 

offering an automatic operation was optimized in the design. It was made by the company 

Hans Wa¨lischmiller GmbH and completely installed at FRM II during the reactor 

maintenance period in January of 2007. The responsible surveyor and the regulatory authority 

verified a bunch of commissioning programs containing about 30 tests for this system. The 

mechanical part of the automated doping installation consists of following main components: a 

guide tube with nickel absorber, a hoisting apparatus for the guide tube, a long coupler with 

rotating device, a lifting unit for the coupler, a magazine rack for loading and decay of silicon 

ingots and some irradiation containers. Figure (2.2) shows the overview of the doping system 

at FRM II. 
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Figure (2.2) .Overview of the doping system at FRM II. 

 

 

Haksung Kim, Jae-Yong Lim, Cheol Hopyeon (2010) recently, the neutron irradiation for 

large diameter silicon (Si)-ingots of more than 8" diameter is requested to satisfy the demand 

for the neutron transmutation doping silicon (NTD-Si). By increasing the Si-ingot diameter, 

the radial non-uniformity becomes larger due to the neutron attenuation effect, which results in 

a limit of the feasible diameter of the Si-ingot. The current evaluation method has a certain 

limit to precisely evaluate the radial uniformity of Si-ingot because the current evaluation 

method does not consider the effect of the Si-ingot diameter on the radial uniformity. The 

objective of this study is to propose a new evaluation method of radial uniformity by 

improving the conventional evaluation approach. To precisely predict the radial uniformity of 

a Si-ingot with large diameter, numerical verification is conducted through comparison with 

the measured data and introducing the new evaluation method. A new concept of a gradient is 

introduced as an alternative approach of radial uniformity evaluation instead of the radial 

resistivity gradient (RRG) interpretation. Using the new concept of gradient, the normalized 

reaction rate gradient (NRG) and the surface normalized reaction rate gradient (SNRG) are 

described. By introducing NRG, the radial uniformity can be evaluated with one certain 
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standard regardless of the ingot diameter and irradiation condition. Furthermore, by 

introducing SNRG, the uniformity on the Si-ingot surface, which is ignored by RRG and 

NRG, can be evaluated successfully. Finally, the radial uniformity flattening methods are 

installed by the stainless steel thermal neutron filter and additional Si-pipe to reduce SNRG 

[22]. 

 

 

 

Figure (2.3) Location of NTD 1 and 2 holes in the Reflector of HANARO 

 

A new approach to deal with the radial uniformity, instead of the current RRG interpretation, 

is described in this sub-section. As shown in figure (2.4), the maximum reaction rate was 

found at the ingot surface, while the minimum reaction rate was found at the center of the Si-

ingot since the radial reaction rate distribution is clearly related to the neutron attenuation 

effect. Here, a concept of gradient between the surface and center of the ingot, called the 

normalized reaction rate gradient (NRG) was newly introduced, as follows: 
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Where RRsurface and RRcenter indicate the 
30

Si (n, γ) 
31

Si reaction rates at the surface and 

center of the Si-ingot, respectively, and r is the ingot radius. In the previous equation, the 

difference between the reaction rates at the surface and center can be interpreted as a gradient 

in consideration of the ingot radius, and the normalization is applied in the same way as RRG 

by using the minimum reaction rate. Using this normalized gradient, this equation can be 

illustrated as in figure (2.4). The thick solid line parallel to the y-axis corresponds to the RRG 

value, and an angle between the dotted line and the base line corresponds to the NRG value. 

This gradient can represent the resistivity distribution, and an equivalent gradient of different 

Si-ingot diameters means that each Si-ingot has an equivalent resistivity distribution. 

 

Table (2.2) Comparison of the Radial Uniformity Calculated by RRG and NRG 

 

Ingot diameter (inch) RRG (%) NRG (%/inch) 


 � ��� 

� ��� ��� 

�� ��� �� 

� ��� ��� 

�� ��� ��� 

 

In order to show an effect of NRG, the radial uniformity of various diameters of Si ingots was 

compared in the values of RRG and NRG. MCNPX was employed in the numerical simulation 

of irradiation for Si ingots with 6" to 14" diameters in the HANARO reflector region. In these 

calculations, a neutron screen employed to achieve the axial uniformity was removed in order 

to make a simple comparison between RRG and NRG, whereas the neutron screen was 

included in actual irradiation service. As shown in Table 2 and figure (2.5), the increase in 

RRG value is approximately three times larger than that of NRG when the Si-ingot diameter 

was increased from 6" to 14". The fact shows that the change in NRG value with increasing 
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ingot diameter was very different from that in RRG; the change of NRG value was 

considerably smaller than that of RRG. From these results, it is clear that the NRG concept is 

usable in the evaluation of radial uniformity for the consideration of the effect caused by the 

Si-ingot diameter change. 

 

Figure (2.4) Concept of the RRG and the NRG for Radial Uniformity Evaluation 

 

 

Figure (2.5) Different Evaluation of the Effect of Si-ingot Diameter 

increasing in RRG and NRG 
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Chapter three 

Methodology 
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3.1. MCNP Code 

Monte Carlo N-Particle Transport Code (MCNP) is a software package for simulating nuclear 

processes. It is developed by Los Alamos National Laboratory and is distributed within the 

United States by the Radiation Safety Information Computational Center in Oak Ridge, TN and 

internationally by the Nuclear Energy Agency in Paris, France. It is used primarily for the 

simulation of nuclear processes, such as fission, but has the capability to simulate particle 

interactions involving neutrons, photons, and electrons. 

MCNP is a general-purpose Monte Carlo N–Particle code that can be used for neutron, photon, 

electron, or coupled neutron/photon/electron transport, including the capability to calculate eigen 

values for critical systems. The code treats an arbitrary three-dimensional configuration of 

materials in geometric cells bounded by first- and second-degree surfaces and fourth-degree 

elliptical tori [23]. 

  

Important standard features that make MCNP very versatile and easy to use include a powerful 

general source, criticality source, and surface source; both geometry and output tally plotters; a 

rich collection of variance reduction techniques; a flexible tally structure; and an extensive 

collection of cross-section data. 

 

3.1.1 MCNP properties 

 

MCNP is a general-purpose, continuous-energy, generalized-geometry, time-dependent, coupled 

neutron/photon/electron Monte Carlo transport code. It can be used in several transport modes: 

neutron only, photon only, electron only, combined neutron/photon transport where the photons 

are produced by neutron interactions, neutron/photon/electron, photon/electron, or 

electron/photon. The neutron energy regime is from 10-11
 MeV to 20 MeV for all isotopes and up 

to 150 MeV for some isotopes, the photon energy regime is from 1 keV to 100 GeV, and the 

electron energy regime is from 1 KeV to 1 GeV. The capability to calculate keff eigen values for 

fissile systems is also a standard feature. 
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The user creates an input file that is subsequently read by MCNP. This file contains information 

about the problem in areas such as: 

 

• The geometry specification, 

• The description of materials and selection of cross-section evaluations, 

• The location and characteristics of the neutron, photon, or electron source, 

• The type of answers or tallies desired, and any variance reduction techniques used to 

improve efficiency. 

 

3.1.2 The Monte Carlo Method 

 

Monte Carlo can be used to duplicate theoretically a statistical process (such as the interaction of 

nuclear particles with materials) and is particularly useful for complex problems that cannot be 

modeled by computer codes that use deterministic methods. The individual probabilistic events 

that comprise a process are simulated sequentially. The probability distributions governing these 

events are statistically sampled to describe the total phenomenon. In general, the simulation is 

performed on a digital computer because the number of trials necessary to adequately describe 

the phenomenon is usually quite large. The statistical sampling process is based on the selection 

of random numbers—analogous to throwing dice in a gambling casino—hence the name “Monte 

Carlo.” In particle transport, the Monte Carlo technique is pre-eminently realistic (a numerical 

experiment). It consists of actually following each of many particles from a source throughout its 

life to its death in some terminal category (absorption, escape, etc.). Probability distributions are 

randomly sampled using transport data to determine the outcome at each step of its life. 

 

 

 

 

 

 

 



 

  

 
  - �� - 

 

 

              Figure (3.1). Random history of neutrons 

Figure 3.1 represents the random history of epi thermal neutrons which incident on a slab of 

thermal neutron filter than incident on a slab of silicon. Numbers of scattering have been done 

(neutrons reach to the thermal energy) and at the end absorption happened.  

3.2. Description of ETRR-2 

The  Egyptian  Research  Reactor  (ETRR-2)  is  a  Material  Testing  Reactor  (MTR) and  it was 

commissioned  in 1997.  It  is open pool Research Reactor  (RR) using  low  enriched MTR  fuel  

elements  (less  than  20%  enrichment),  cooled  and moderated with  light water  and  reflected  

by  beryllium. The  reactor  power  is  22 MW  with  high  neutron  flux irradiation positions  

(flux > 10
14

 n/cm
2
.s) and can be operated up  to 19 days providing high neutron  fluence. Also,  

the  reactor  has  two  fast  irradiation  positions,  two  silicon  irradiation positions, three radial 

and one tangential beam tubes, and thermal column. 

ETRR-2  is  a multipurpose  reactor,  several  experimental  and production  facilities have been 

installed for Radio Isotope (RI) production (I-131, I-125, Cr-51, Ir-192, and Co-60 ), Neutron 

Activation  Analysis  (NAA)  applications,  Neutron  Transmutation  Doping  (NTD),  neutron 

radiography experiments, and  training of personnel. A special hot cell for  irradiated material 

testing  has  been  installed  where  the  impact  tests,  tensile  tests,  and  other  material 

characterization  can  be  applied  for  irradiated  samples  of materials  used  in  Nuclear  Power 
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Plant (NPP) and advanced reactors [24].  

 

Figure (3.2). ETRR-2 Reactor Main pool – Plan View 

 

3.2.1 Silicon Transmutation Facility 

Two irradiation positions at thermal column figure (3.3) for irradiation Ingots of 28 cm long and 

up to 5 Inches diameter; Thermal flux: 10
13

 n/cm2/sec and Thermal-to-fast flux ratio: 67.7. 

Temperature  during  irradiation  less than 80 
o
C; Axial  resistively  variation  in  the  product: 

less than 5 %; Labs  of  post  irradiation  tests  and  measurements  are  also included [25].The 

two silicon ingot irradiators have been designed and installed in the reactor thermal column.  The 

purpose is to produce transmutation doped silicon via the (n,γ) reaction with subsequent decay of 

the activated silicon to phosphorous for homogeneous doping.  To avoid contamination of the 

silicon ingot with higher energy neutron reactions it is desirable to minimize the fast (higher 

energy) neutron flux.  Hence, the NTD facility is located in the neutron thermalizing, graphite 

column.  Each NTD facility will accommodate a 5 inch diameter silicon ingot and slowly turns 

the ingots while the reactor is operating to produce evenly doped ingots [26].  

 ETRR-2 reactor operations staff believes they could modify the existing system to accommodate 

ingots that are 6 inch in diameter.  The semiconductor industry has gradually gone to larger 
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ingots (as much as 300 mm) but there may be a physical limit of the NTD silicon ingot because 

of neutron self-shielding absorption and the original size of the NTD irradiation facility.  

Because the production of larger diameter wafers (with acceptable spreads in resistivity) could 

represent a significant market, the ultimate upper diameter limit of NTD silicon should be 

evaluated by modeling or experiment.  The two irradiation areas could be replaced by a single, 

large-diameter NTD irradiation facility if the self-shielding is acceptable.  

 

Figure (3.3) Future imagination to ETRR-2 core 

The NTD facility provides irradiated-doped silicon ingots that may be fully processed at the 

ETRR-2 facility.  A designated individual is responsible for the quality assurance and production 

of the doped wafers.  The processing includes ultrasonic cleaning, cutting into individual wafers 

(which used in the production of Semiconductor), testing for the resistivity, measuring doping 

homogeneity of the wafers and packaging for shipment. 
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Figure (3.4) Silicon ingots and silicon wafers 

Semiconductor quality is ensured by a high thermal to fast neutron flux ratio and high axial and 

radial neutron flux uniformity over the silicon target.  Radial uniformity of irradiation is assured 

by continuous rotation of the ingot in the rig and also by the placement of the NTD facility in a 

region with a low gradient of thermal neutron flux.   Axial uniformity is achieved by the use of a 

flux-flattening device consisting of concentric bands of aluminum and stainless steel. By 

displacing the light water surrounding the target array, minimum perturbation of flux is ensured.  

Neutron flux is continuously monitored by self powered neutron detectors (SPND) embedded in 

the flux flattening sleeve.  Induction type displacement transducers are used to monitor and 

verify constant rotation of the silicon. It can also be visually monitored via a camera from the 

reactor control room. Data from both sensors are transmitted to a central control and monitoring 

system.  

3.3. Design of Large Samples of silicon ingots 

Absorption of the thermal neutrons in the light water in the reactor pool is high, so it makes 

practically impossible to irradiate large crystals of 30 cm, diameter. Neutron absorption can be 

considerably diminished by using a filter with a low neutron absorption cross-section. 

Several candidate materials for a suitable filter could be considered, two of them had been 

chosen:  heavy water and graphite (used as a moderator for thermal reactors, so the neutrons 

reached to the thermal energy) in addition to light water. 
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Table (3.1) Cross sections for the used filters 

 

Thermal 

Filter 

 

Average Number of 

Collisions to 

Thermalize 

 

σs (barns) 

 

σa (barns) 

H2O 20 103 0.664 

D2O 36 13.6 0.0010 

C 115 4.8 0.0034 

 

Clearly, light water thermalizes a neutron faster than either heavy water or graphite (higher 

scattering cross section coupled with fewer collisions to thermalization). However, light water’s 

absorption cross section is 664 times that of heavy water and 195 times that of graphite [27]. 

From the viewpoint of radial uniformity, attention was paid to the effects of the change in Si-

ingot diameter (6, 8, 10, and 12) inch and filter types (Light water, Heavy water, and Graphite). 

The objective of this study is to propose a new evaluation method of radial uniformity in NTD 

for Large sizes of silicon ingot in light water reactors. 

The current evaluation method had a certain limit to precisely examine the radial uniformity of 

the Si-ingot by calculated the Maximum Radial Variation (MRV). 

Maximum Radial Variation (MRV)=
 

  < 10% 

Where, 

  :  Flux at the surface of silicon ingot 

 :  Flux at the center of silicon ingot 

The maximum radial variation is an important parameter in the design of the silicon ingots 

because it tells if the ingots are homogeneous or not. The value of the maximum radial variation 
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must be less than 10% to achieve the homogeneity.  

In the previous equation, the maximum and minimum fluxes must be calculated to know the 

radial variation, so that the silicon ingot was divided to fragments, then maximum flux on the 

surface of silicon ingot and minimum flux at the center of silicon ingot were calculated, and this 

was done by using MCNP code. A practical flux for one position of the facility figure (3.4) was 

used in MCNP code to make an accurate simulation for the ingot design. 

 

Figure (3.5) the practical flux of the silicon ingot 

A series of MCNP calculations were executed by a total of 1×10
7
 histories, and the filter’s 

thickness changed up to 10 cm for different filters types (Light water, Heavy water, and 

Graphite); 10 cm light water had been taken for back scattering and only 10 cm because the 

effect of back scattering after this thickness is very small which it could be ignored. The energy 

range is 0.5 ev – 0.119 Mev (epi thermal energy) and the probability of the neutron energy was 

taken to be 1 / E.  

 The minimum and maximum fluxes were evaluated every 1 cm of filter’s thickness. When the 

thicknesses of filter go larger, the value of the flux decreases and this affects on the doping 
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process and also affect on the homogeneity of silicon ingots, so the best thickness that will give a 

perfect silicon ingots which can be used in the industry must be chosen (making optimization). 

Figure (3.6), shows the plan and side view of silicon ingot using MCNP. 

                 

 

 

   Figure (3.6) Plan and side view of silicon ingot with MCNP code 
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Chapter four 

Results and Discussion 
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4. Results and Discussion 

The analyses were performed to determine the maximum radial variation for different sizes of 

silicon ingots and different types of filters with variation in filter’s thickness, so the results 

presented in two main parts: 

o The maximum radial variation based on the filter type 

o The maximum radial variation based on the ingot size 

The maximum radial variation, minimum and maximum normalized fluxes for different sizes 

of silicon ingots and different types of filters with variation thickness are illustrated for each 

case in Figs 4.1; 4.2… 4.10 and 4.11, and tables 4.1; 4.2; ….4.11, and 4.12. 

4.1. The maximum radial variation based on the filter type 

The following sections present the analyses for the maximum radial variation for each type of 

filters (Light water, graphite, and heavy water) with variation thickness (0, 1, 2… 10 cm) for 

the different ingot size (6, 8, 10, and 12 inch). 

4.1.1. The maximum radial variation for light water filter 

The results show that the maximum radial variation for all silicon ingot sizes (6, 8, 10, and 12 

inch) have the same behavior. The maximum radial variation decreases until a point and then 

it increases, after that a non linearity behavior appeared (figure 4.1). 

In case of 6 inch, the value of radial variation starts (without filter) with 5.475% then it 

decreases until it reaches to its minimum value (2.197% at 4 cm thickness) and it increases 

until 3.577% at 7 cm thickness then the curve has non linearity in its behavior.   

In case of 8 inch, the value of radial variation  starts (without filter) with 8.465% then it 

decreases until it reach to 4.85% at 3 cm thickness and it increases until 6.631% at 6 cm 

thickness then the curve has non linearity in its behavior. 
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In case of 10 inch, the value of radial variation  starts (without filter) with 10.872% then it 

decreases until it reach to 8.235% at 3 cm thickness and it increases until 10.609% at 7 cm 

thickness then the curve has non linearity in its behavior. The condition line made some 

intersection points with the curve and this made the curve reached the condition in parts (1-7 

& 8-9.3).   

 

Figure (4.1) .The maximum radial variation for different silicon ingot sizes with light water filter. 

In case of 12 inch, the value of radial variation starts with 14.94% then it decreases until it 

reach to 12.514% at 1 cm thickness and it increases until 16.63% at 8 cm thickness then the 

curve decreases again. It is noted that all points in this case didn’t achieve the condition.  

4.1.2. The maximum radial variation for graphite filter 

The results show that the maximum radial variation for silicon ingot sizes (6, and 8 inch) have 

the same behavior, where the maximum radial variation decreases with increases in filter 

thickness until a point and after that it approximately constant, on the other hand the maximum 

radial variation for silicon ingot sizes (10, and 12 inch) decreases with increases in filter 

thickness until a certain point and then it increases. (See figure 4.2) 
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in case of 6 inch, the value of radial variation  starts (without filter) with 5.475% then it 

decreases until it reach to 2.789% at 3 cm thickness and it increases until 2.89% at 4 cm 

thickness then the curve decreases and increases but within a very close values.   

In case of 8 inch, the value of radial variation starts (without filter) with 8.465% then it 

decreases until it reached to 4.925% at 6 cm thickness then; it increases until it reached to 

5.519% at 10 cm thickness  

 

Figure (4.2) .The maximum radial variation for different silicon ingot sizes with graphite filter. 

In case of 10 inch, the value of radial variation  starts (without filter) with 10.872% then it 

decrease until it reach to 7.564% at 4 cm thickness then, it increases until  8.904% at 8 cm 

thickness then, the curve has non linearity in its behavior.   

In case of 12 inch, the value of radial variation  starts (without filter) with 14.49% then it 

decrease until it reach to 11.03% at 3 cm thickness then, it increases until  12.674% at 7 cm 

thickness then, the curve has non linearity in its behavior.   

4.1.3. The maximum radial variation for heavy water filter 

The results show that the maximum radial variation for silicon ingot sizes (6, 8 and 10 inch) 

have the same behavior, where the maximum radial variation decreases with increases in filter 
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thickness until a point and after that non linearity appeared, but in case of 12 inch silicon ingot 

the maximum radial variation decreases with increases in filter thickness until a certain point 

then it increases smoothly. (See figure 4.3) 

In case of 6 inch, the value of radial variation  starts (without filter) with 5.475% then it 

decreases until it reach to 2.841% at 5 cm thickness then it increases and decreases and 

increases then  decreases again but within a closed values.   

In case of 8 inch, the value of radial variation  starts (without filter)  with 8.465% then it 

decreases until it reach to 5.75% at 3 cm thickness and it increases until 5.879% at 4 cm 

thickness then the curve has non linearity in its behavior. 

 

Figure (4.3).The maximum radial variation for different silicon ingot sizes with heavy water filter. 

In case of 10 inch, the value of radial variation  starts (without filter)  with 10.872% then it 

increases until it reach to 11.102 % at 1 cm thickness and it decreases until 8.148 % at 5cm 

thickness then the curve has non linearity in its behavior. It was noted from figure (4.3) that 

the condition line made an intersection point with the curve at 2 cm thickness.  

In case of 12 inch, the value of radial variation  starts (without filter)  with 14.49% then it 

increases until it reach to 14.639 % at 1 cm thickness and it decreases until 12.323 % at 3cm 
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thickness then it increases until 12.868% at 6 cm thickness, and after that the curve has non 

linearity in its behavior.  

4.2. The maximum radial variation based on the ingot size 

The following sections present the analyses for the maximum radial variation for each size of 

silicon ingots (6, 8, 10, and 12 inch); with variation thickness (0, 1, 2… 10 cm) for the 

different filter types (Light water, graphite, and heavy water). 

4.2.1. The maximum radial variation for the ingot size 6 inch 

The results show that the maximum radial variation decreases with increases in filter’s 

thickness for all filter types until the filter’s thickness 5 cm. (See figures 4.4, and 4.5) 

Note worthy, the general behavior for the maximum radial variation in case of heavy water 

filter , and graphite filter have a nearly results and meet with the maximum radial variation 

for light water filter at two points (5 cm, and 8 cm).  

The maximum radial variation for all filters type in case of ingot size 6 inch achieved the 

condition, but the best result for the maximum radial variation (2.197%) achieved by Light 

water filter type at thickness 4 cm.  

 

 

 

 

 

 

 

Figure (4.4) .The maximum radial variation for different filter types with 6 inch silicon ingot. 
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Figure (4.5) Normalized flux (maximum and minimum fluxes) for 6 inch silicon ingot: (a) Graphite; (b) Light 

water, and (c) Heavy water. 
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4.2.2. The maximum radial variation for the ingot size 8 inch 

The results show that the maximum radial variation decreases with increases in filter’s 

thickness for all filter types until the filter’s thickness 5 cm. (See figure 4.6, and4.7) 

Note worthy, the maximum radial variation for light water filter has non linearity behavior 

after filter thickness 5 cm. 

the general behavior for the maximum radial variation in case of heavy water filter , and 

graphite filter have a nearly results and meet with the maximum radial variation for light 

water filter at two points (4.5 cm, and 7 cm).  

The maximum radial variation for all filters type in case of ingot size 8 inch achieved the 

condition, but the best result for the maximum radial variation (4.85 %) achieved by Light 

water filter at thickness 3 cm. 

 

Figure (4.6) the maximum radial variation for different filter types with 8 inch silicon ingot. 
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Figure (4.7) Normalized flux (maximum and minimum flux) for 8 inch silicon ingot:  (a) Graphite; (b) Light 

water, and (c) Heavy water 
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4.2.3. The maximum radial variation for the ingot size 10 inch 

The results show that the general behavior for the maximum radial variation decreases with 

increases in filter’s thickness for all filter types, but by different behavior until the certain 

point (differs from each type of filter to other) and then it increases, but by different behavior. 

(See figure 4.8, and 4.9). 

Note worthy, the minimum thickness requires for the light water filter type to achieve the 

condition is 0.5 cm, for graphite filter type is 1cm, and for the heavy water filter type is 2 cm. 

The best result for the maximum radial variation in case of the ingot size 10 inch (7.564%) 

achieved by graphite filter at thickness 4 cm. 

 

 

Figure (4.8) .The maximum radial variation for different filter types with 10 inch silicon ingot. 
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Figure (4.9) .Normalized flux (maximum and minimum fluxes) for 10 inch silicon ingot: (a) Graphite;    (b) Light 

water, and (c) Heavy water. 
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4.2.4. The maximum radial variation for the ingot size 12 inch 

The results show that the general behavior for the maximum radial variation decreases with 

increases in filter’s thickness for all filter types, but by different behavior until the certain 

point and then it increases, but by different behavior.(see figure 4.10, and 4.11) 

Note worthy, the maximum radial variation for all filters type in case of ingot size 12 inch did 

not achieve the condition. 

The best result for the maximum radial variation in case of the ingot size 12 inch (11.03 %) 

achieved by graphite filter type at thickness 3 cm. 

 

 

 

 

 

 

 

 

Figure (4.10).The maximum radial variation for different filter types with 12 inch silicon ingot. 

Because the results show non linearity in its behavior .It must make sure that they are true, so 

It was decided to examine the flux values on the surface of the silicon ingots (maximum flux) 

and the flux at the center of the silicon ingots (minimum flux) and this done for all cases with 

different sizes (6, 8, 10, and 12 inch) and also for different type of filters (Light water, Heavy 

water, Graphite). 
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Figure (4.11) Normalized flux (maximum and minimum flux) for 12 inch silicon ingot: (a) Graphite; (b) Light 

water, and (c) Heavy water 
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Table (4.1) Normalized fluxes, and Max Radial Variation for 6 inch silicon ingot with 

graphite filter  

  

 

Table (4.2) Normalized fluxes, and Max Radial Variation for 8 inch silicon ingot with 

graphite filter  

 
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.065E-03 ± 0.0004 1.904E-03 ± 0.0026 8.465477848 

1 2.007E-3  ± 0.0004 1.868E-03 ± 0.0026 7.445316431 

2 1.791E-03 ± 0.0004 1.690E-03 ±0.0027 5.978405561 

3 1.616E-03 ± 0.0004 1.530E-03 ± 0.0028 5.621487387 

4 1.469E-03 ± 0.0005 1.395E-03 ± 0.0030 5.29210164 

5 1.338E-03 ± 0.0005 1.272E-03 ± 0.0031 5.240229614 

6 1.224E-03 ± 0.0005 1.166E-03 ± 0.0032 4.925115948 

7 1.123E-03 ± 0.0006 1.066E-03 ± 0.0033 5.286211392 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.89E-03 ± 0.0004 2.74E-03 ±  0.0021 5.474685973 

1 2.73E-03 ± 0.0004 2.60E-03 ± 0.0022 5.016776395 

2 2.41E-03 ± 0.0004 2.32E-03 ± 0.0023 3.836636864 

3 2.16E-03 ± 0.0005 2.10E-03 ±  0.0024 2.789670986 

4 1.95E-03 ± 0.0005 1.89E-03 ±  0.0026 2.890817156 

5 1.77E-03 ± 0.0005 1.72E-03 ±  0.0027 2.76827082 

6 1.61E-03 ± 0.0006 1.56E-03 ± 0.0028  2.646598281 

7 1.47E-03 ± 0.0006 1.43E-03 ±  0.0029 2.777875108 

8 1.34E-03 ± 0.0006 1.31E-03 ±  0.0030 2.83579919 

9 1.23E-03 ± 0.0007 1.20E-03 ± 0.0032  2.492858566 

10 1.14E-03 ± 0.0007 1.10E-03 ± 0.0033 3.036927515 
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8 1.031E-03 ± 0.0006 9.794E-04 ± 0.0035 5.312704524 

9 9.508E-04 ± 0.0006 9.013E-04 ± 0.0036 5.494377472 

10 8.778E-04 ± 0.0007 8.319E-04 ± 0.0036 5.518804133 

 

 

Table (4.3) Normalized fluxes, and Max Radial Variation for 10 inch silicon ingot with 

graphite filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 1.60E-03 ± 0.0004 1.44E-03 ± 0.0029 10.87206404 

1 1.57E-03 ± 0.0004 1.42E-03 ± 0.0030 10.16725507 

2 1.41E-03 ± 0.0004 1.29E-03 ± 0.0031 9.377013046 

3 1.28E-03 ± 0.0004 1.18E-03 ± 0.0032 8.564539681 

4 1.17E-03 ± 0.0005 1.08E-03 ± 0.0034 7.564490534 

5 1.07E-03 ± 0.0005 9.88E-04 ± 0.0035 7.908479672 

6 9.78E-04 ± 0.0005 9.02E-04 ± 0.0036 8.46456933 

7 8.99E-04 ± 0.0006 8.28E-04 ± 0.0037 8.711433757 

8 8.29E-04 ± 0.0006 7.61E-04 ± 0.0039 8.904212164 

9 7.65E-04 ± 0.0006 7.05E-04 ± 0.0040 8.496405552 

10 7.07E-04 ± 0.0006 6.45E-04 ± 0.0041 9.520193175 

 

Table (4.4) Normalized fluxes, and Max Radial Variation for 12 inch silicon ingot with 

graphite filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 1.29E-03 ± 0.0004 1.13E-03 ± 0.0033 14.49021819 
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1 1.27E-03 ± 0.0004 1.12E-03 ± 0.0034 13.89302034 

2 1.15E-03 ± 0.0004 1.01E-03 ± 0.0035 13.05561859 

3 1.04E-03 ± 0.0004 9.38E-04 ± 0.0037 11.03023146 

4 9.53E-04 ± 0.0005 8.53E-04 ± 0.0037 11.72026187 

5 8.73E-04 ± 0.0005 7.80E-04 ± 0.0039 11.90937466 

6 8.03E-04 ± 0.0005 7.17E-04 ± 0.0041 12.0567841 

7 7.39E-04 ± 0.0006 6.56E-04 ± 0.0043 12.67409619 

8 6.82E-04 ± 0.0006 6.11E-04 ± 0.0045 11.70904567 

9 6.30E-04 ± 0.0006 5.58E-04 ± 0.0046 12.87940656 

10 5.83E-04 ± 0.0006 5.18E-04 ± 0.0046 12.61499729 

 

 

Table (4.5) Normalized fluxes, and Max Radial Variation for 6 inch silicon ingot with 

heavy water filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.89E-03 ± 0.0004 2.74E-03 ± 0.0021 5.474685973 

1 2.72E-03 ± 0.0004 2.59E-03 ± 0.0022 5.26193716 

2 2.43E-03 ± 0.0004  2.33E-03 ± 0.0023 4.149984766 

3 2.19E-03 ± 0.0004 2.12E-03 ± 0.0024 3.305668274 

4 1.99E-03 ± 0.0005 1.93E-03 ± 0.0025 3.208099663 

5 1.83E-03 ± 0.0005 1.78E-03 ± 0.0026 2.841024255 

6 1.68E-03 ± 0.0005 1.63E-03 ± 0.0027 3.051161763 

7 1.55E-03 ± 0.0005 1.51E-03 ± 0.0029 2.541810899 

8 1.43E-03 ± 0.0006 1.39E-03 ± 0.0029 2.886045392 

9 1.32E-03 ± 0.0006 1.29E-03 ± 0.0030 2.774308169 

10 1.23E-03 ± 0.0006 1.20E-03 ± 0.0031 2.492424495 

 

 Table (4.6) Normalized fluxes, and Max Radial Variation for 8 inch silicon ingot with 

heavy water filter  
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Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.065E-03 ± 0.0004 1.904E-03 ± 0.0026 8.465477848 

1 1.995E-03 ± 0.0004 1.849E-03 ± 0.0026 7.917396854 

2 1.800E-03 ± 0.0004 1.694E-03 ± 0.0027 6.248229295 

3 1.642E-03 ± 0.0004 1.553E-03 ± 0.0028 5.750516832 

4 1.508E-03± 0.0004 1.424E-03± 0.0029 5.879915439 

5 1.389E-03± 0.0005 1.321E-03± 0.0030 5.176707466 

6 1.284E-03 ± 0.0005 1.219E-03 ± 0.0031 5.254741814 

7 1.189E-03 ± 0.0005 1.127E-03 ± 0.0032 5.463225051 

8 1.105E-03 ± 0.0005 1.045E-03 ± 0.0033 5.728698049 

9 1.027E-03 ± 0.0006 9.726E-04 ± 0.0034 5.606231339 

10 9.566E-04 ± 0.0006 9.097E-04 ± 0.0037 5.155443775 

 

Table (4.7) Normalized fluxes, and Max Radial Variation for 10 inch silicon ingot with 

heavy water filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 1.60E-03 ± 0.0004 1.44E-03 ± 0.0029 10.87206404 

1 1.56E-03 ± 0.0004 1.41E-03 ± 0.0030 11.10226821 

2 1.42E-03 ± 0.0004 1.29E-03 ± 0.0031 9.940194812 

3 1.30E-03 ± 0.0004 1.19E-03 ± 0.0032 9.273588465 

4 1.20E-03 ± 0.0004 1.10E-03 ± 0.0033 9.238789838 

5 1.11E-03 ± 0.0005 1.03E-03 ± 0.0034 8.148112153 

6 1.03E-03 ± 0.0005 9.49E-04 ± 0.0035 8.896633587 

7 9.59E-04 ± 0.0005 8.79E-04 ± 0.0005 9.088343822 

8 8.93E-04 ± 0.0005 8.16E-04 ± 0.0038 9.50118328 

9 8.33E-04 ± 0.0006 7.62E-04 ± 0.0039 9.254975642 



   

 
  - 

 - 

 

10 7.76E-04 ± 0.0006 7.16E-04 ± 0.0040 8.388522205 

 

Table (4.8) Normalized fluxes, and Max Radial Variation for 12 inch silicon ingot with 

heavy water filter  

 

 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 1.29E-03 ± 0.0004 1.13E-03 ± 0.0033 14.49021819 

1 1.27E-03 ± 0.0004 1.11E-03 ± 0.0034 14.63870939 

2 1.16E-03 ± 0.0004 1.02E-03 ± 0.0035 13.32870225 

3 1.07E-03 ± 0.0004 9.49E-04 ± 0.0036 12.32322253 

4 9.87E-04 ± 0.0004 8.77E-04 ± 0.0037 12.47510711 

5 9.15E-04 ± 0.0005 8.13E-04 ± 0.0038 12.58162034 

6 8.51E-04 ± 0.0005 7.54E-04 ± 0.0039 12.8677187 

7 7.93E-04 ±0.0005 7.04E-04 ± 0.0041 12.65598643 

8 7.40E-04 ± 0.0005 6.53E-04 ± 0.0042 13.21699921 

9 6.90E-04 ± 0.0005 6.11E-04 ± 0.0043 12.89735251 

10 6.44E-04 ± 0.0006 5.69E-04 ± 0.0044 13.22115722 

 

 

Table (4.9) Normalized fluxes, and Max Radial Variation for 6 inch silicon ingot with 

light water filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.89E-03 ± 0.0004 2.74E-03 ± 0.0021 5.474685973 

1 2.52E-03 ± 0.0004 2.44E-03 ± 0.0022 3.324925476 

2 1.97E-03 ± 0.0005 1.93E-03 ± 0.0024 2.335473015 
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3 1.50E-03 ± 0.0006 1.46E-03 ± 0.0027 2.210069231 

4 1.11E-03 ± 0.0007 1.08E-03 ± 0.0031 2.196818719 

5 8.00E-04 ± 0.0008 7.78E-04 ± 0.0035 2.77911628 

6 5.67E-04 ± 0.0009 5.50E-04 ± 0.0041 3.109600309 

7 3.96E-04 ± 0.0011 3.82E-04 ± 0.0048 3.577234495 

8 2.73E-04 ± 0.0013 2.66E-04 ± 0.0056 2.738571412 

9 1.87E-04 ± 0.0015 1.79E-04 ± 0.0066 4.298268171 

10 1.27E-04 ± 0.0018 1.22E-04 ± 0.0080 4.255633543 

 

Table (4.10) Normalized fluxes, and Max Radial Variation for 8 inch silicon ingot with 

light water filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 2.07E-03 ± 0.0004 1.90E-03 ± 0.0026 8.465477848 

1 1.83E-03 ±0.0004 1.73E-03 ± 0.0026 5.755541409 

2 1.43E-03 ± 0.0005 1.36E-03 ± 0.0029 5.174531945 

3 1.09E-03 ± 0.0005 1.04E-03 ± 0.0033 4.850024539 

4 8.08E-04 ± 0.0006 7.69E-04 ± 0.0037 5.201816478 

5 5.86E-04 ± 0.0007 5.54E-04 ± 0.0041 5.837771627 

6 4.16E-04 ± 0.0009 3.90E-04 ± 0.0048 6.631093068 

7 2.91E-04 ± 0.0010 2.76E-04 ± 0.0057 5.329026611 

8 2.02E-04 ± 0.0012 1.89E-04 ± 0.0065 6.578223811 

9 1.39E-04 ± 0.0015 1.29E-04 ± 0.0077 7.326898347 

10 9.46E-05 ± 0.0018 8.67E-05 ± 0.0091 9.027924279 

  

 

Table (4.11) Normalized fluxes, and Max Radial Variation for 10 inch silicon ingot with 

light water filter  
 

Filter's thickness Normalized Flux Normalized Flux Max Radial Variation 



   

 
  - 
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(cm) 

����max ±  ±  ±  ± ����  ����min ± ± ± ± ���� 

(%) 

0 1.60E-03 ± 0.0004 1.44E-03 ± 0.0029 10.87206404 

1 1.42E-03 ± 0.0004 1.29E-03 ± 0.0030 9.398902882 

2 1.11E-03 ± 0.0005 1.02E-03 ± 0.0033 8.622110592 

3 8.43E-04 ± 0.0005 7.79E-04 ± 0.0037 8.234597917 

4 6.27E-04 ± 0.0006 5.77E-04 ± 0.0042 8.626608549 

5 4.55E-04 ± 0.0007 4.17E-04 ± 0.0047 9.118616896 

6 3.23E-04 ± 0.0009 2.96E-04 ± 0.0055 9.42947434 

7 2.27E-04 ± 0.0010 2.05E-04 ± 0.0064 10.60903829 

8 1.57E-04 ± 0.0075 1.43E-04 ± 0.0075 10.03298669 

9 1.08E-04 ± 0.0014 9.84E-05 ± 0.0087 9.729412338 

10 7.41E-05 ± 0.0017 6.63E-05 ± 0.0105 11.76401351 

 

Table (4.12) Normalized fluxes, and Max Radial Variation for 12 inch silicon ingot with 

light water filter  
 

Filter's thickness 

(cm) 

Normalized Flux 

����max ±  ±  ±  ± ����  

Normalized Flux 

����min ± ± ± ± ���� 

Max Radial Variation 

(%) 

0 1.29E-03 ± 0.0004 1.13E-03 ± 0.0033 14.49021819 

1 1.14E-03 ± 0.0004 1.01E-03 ± 0.0035 12.51357274 

2 8.90E-04 ± 0.0005 7.90E-04 ± 0.0037 12.62358849 

3 6.78E-04 ± 0.0005 5.99E-04 ± 0.0042 13.253787 

4 5.04E-04 ± 0.0006 4.44E-04 ± 0.0048 13.37408731 

5 3.66E-04 ± 0.0007 3.21E-04 ± 0.0054 14.1057518 

6 2.61E-04 ± 0.0009 2.28E-04 ± 0.0062 14.2009915 

7 1.83E-04 ± 0.0010 1.60E-04 ± 0.0074 14.67950285 

8 1.27E-04 ± 0.0012 1.09E-04 ± 0.0084 16.6300218 

9 8.74E-05 ± 0.0014 7.53E-05 ± 0.0099 16.09706124 

10 5.99E-05 ± 0.0017 5.20E-05 ± 0.0122 15.14038179 
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In the previous figures; the results show the maximum and minimum fluxes for different 

volumes and filters start with high values and go down gradually with filter’s thickness (when 

the thickness increases) . The flux in the center has a small value than the flux on the surface 

of silicon ingots and this happened for all cases which had been studied. 

When the neutrons enter the filter material and get out from it, its energy decrease and with the 

variation in filter thickness (it is changed up to 10 cm), the neutrons energy decrease until it 

reach to thermal energy. 

When the filter’s thickness increased, the flux in the surface and center of silicon ingot 

decreased. Also the fluxes values get closer from each other, so the radial variation increased 

in most of the cases and this has been shown in the pervious figures.  

The following table (4.13) contains an important results, through its results it could be known 

the best filter thickness with the best filter type and also what would be the best ingot size in 

different cases; this depending on the value of  Maximum Radial Variation and of course cost 

should be taken in consideration.  

Table (4.13) Filter’s  thickness and Maximum Radial Varian for different filter types and 

different ingot sizes  

 

6 inch 

 

8 inch 

 

10 inch 

 

12 inch 

 
             Ingot size 

 

        Filter 
 

MRV (%) 

 

T (cm) 

 

MRV (%) 

 

T (cm) 

 

MRV (%) 

 

T (cm) 

 

MRV (%) 

 

T (cm) 

Light water 2.197 4 4.85 3 8.235 3 12.513 1 

Heavy water 2.492 10 5.155 10 8.148 5 12.323 3 

Graphite 2.493 9 4.925 6 7.564 4 11.03 3 

 

MRV: Maximum Radial Variation 

T: filter’s thickness  
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Condition: MRV< 10% for homogeneity 

4.3. Comparison between MRV in case of 6 inch using thermal and epi-

thermal energy with different filters types. 

All the conditions of the previous cases are the same and the only change is the energy value; 

it was changed from epi thermal range to the thermal value (0.025 ev). 

The following figures show the results of the two cases (MRV in case of thermal and epi 

thermal energy) for 6 inch diameter.      

 

Figure (4.12) Maximum radial variation with light water filter  
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Figure (4.13) Maximum radial variation with heavy water filter  

 

 

Figure (4.14) Maximum radial variation with graphite filter  

It was noted that using epi thermal energy as start energy was better than using thermal energy 

because the MRV in cases of epi thermal was less than the MRV in cases of thermal energy 

and this is better from the point view of homogeneity. 
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Also, this result can be applied for cases of large sizes because (as it shown before that) MRV 

increases when the size of silicon ingot increases.    
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Conclusions 
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The distribution of thermal neutron flux on the radial direction is improved by irradiation of 

epithermal neutron, which is obtained after covering a silicon ingot with the cylindrically shaped 

thermal neutron filter. 

The results are separated in to two parts; the first part depends on filter types (Graphite, Heavy 

water, and Light water) and the other one depends on the size of silicon ingot (6, 8, 10, and 12 

inch). Results can be mention in the following points: 

1- In all cases, the silicon ingot of 12 inch in size doesn’t meet the condition (MRV <10%) 

with all different types of filters. 

2- Advantages of heavy water can be used in light water reactors without any problem of 

heavy water reactors. 

3- Graphite is the best filter in case of 10 and 12 inch. 

4- Light water is the best filter in case of 6 and 8 inch. 

5- In case of 6, 10, and12 inch; Heavy water is the second choice.  

6- In large sizes of silicon ingots, the Maximum Radial Variation had a large value. 

7- Using epi thermal energy as a started energy is better than using thermal energy in case of 

silicon ingots with large sizes. 
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4 ا'��  ���3  !�
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Appendix (A): Samples of Input files in case of 6 in silicon ingot 

 
Si ingot 6 in diameter & epi-thermal energy & Graphite(G) 

c filter with 1 cm thickness.   

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1          $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1          $ water 

3  3 -2.09 -7 -5 6 #1 #2 imp:n=1       $ graphite 

4  4 -1    -10 -5 6 #1 #2 #3   imp:n=1 $Lw 

5  0        10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 7.9      $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

7 cz 8.9      $ cylinder of graphite 

10 cz  18.9   $ Lw 

8 cz 0.1 

9 cz 7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   6000  1 

m4   1001.62c 2  8016.62c 1  

mt2    lwtr.01t 

mt3    grph.01t 

mt4    lwtr.01t 

nps  10000000 

print 
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Si ingot 6 in diameter & epi-thermal energy & Heavy Water(HW) 

c filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1         $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1         $ water 

3  3 -1    -7 -5 6 #1 #2 imp:n=1      $ HW 

4  4 -1    -10 -5 6 #1 #2 #3 imp:n=1  $Lw   

5  0        10:5:-6    imp:n=0        $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 7.9      $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

7 cz 8.9      $ cylinder of HW 

10 cz 18.9    $ Lw 

8 cz 0.1 

9 cz 7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   1002   2   8016.62c  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    hwtr.01t 

mt4    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 6 in diameter & epi-thermal energy & Light Water(LW) 

c filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1          $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1          $ water   
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3  0        4:5:-6    imp:n=0          $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 18.9     $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

8 cz 0.1 

9 cz 7 

 

c data cards 

mode n 

sdef erg=d1 cel=2 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1   14000  1 

m2   1001.62c 2  8016.62c 1   

mt2    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 6 in diameter & thermal energy & Graphite(G) filter 

c with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1          $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1          $ water 

3  3 -2.09 -7 -5 6 #1 #2 imp:n=1       $ graphite 

4  4 -1    -10 -5 6 #1 #2 #3   imp:n=1 $ Lw 

5  0        10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 7.9      $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

7 cz 8.9      $ cylinder of graphite 

10 cz  18.9   $ Lw 
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8 cz 0.1 

9 cz 7 

c 10 cz 7.5 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

sp1   -2  0.025e-6 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1    14000  1 

m2    1001.62c 2  8016.62c 1 

m3    6000  1 

m4    1001.62c 2  8016.62c 1  

mt2    lwtr.01t 

mt3    grph.01t 

mt4    lwtr.01t 

nps  10000000 

print 

 

 

Si ingot 6 in diameter & thermal energy & Heavy Water(HW) 

c filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1         $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1         $ water 

3  3 -1    -7 -5 6 #1 #2 imp:n=1      $ HW 

4  4 -1    -10 -5 6 #1 #2 #3 imp:n=1  $ Lw   

5  0        10:5:-6    imp:n=0        $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 7.9      $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

7 cz 8.9      $ cylinder of HW 

10 cz 18.9    $  Lw 

8 cz 0.1 

9 cz 7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

sp1   -2  0.025e-6 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 
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si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   1002   2   8016.62c  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    hwtr.01t 

mt4    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 6 in diameter & thermal energy & Light Water(LW) 

c filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1          $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1          $ water   

3  0        4:5:-6    imp:n=0          $ space   

                                  

c surface cards 

1 cz 7.5      $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 18.9     $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

8 cz 0.1 

9 cz 7 

 

c data cards 

mode n 

sdef erg=d1 cel=2 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

sp1   -2  0.025e-6 

si2    8.5  8.9                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  7698.4286 1139.2847 

m1   14000  1 

m2   1001.62c 2  8016.62c 1   

mt2    lwtr.01t  

nps  10000000 

print 
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Appendix (B): Samples of Input files in case of 8 in silicon ingot 

 
Si ingot 8 in diameter & epi-thermal energy & Graphite(G) 

c filter with 1 cm thickness.   

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1         $ silicon ingot 

2  2  -1      -4 -5 6 #1 imp:n=1         $ water 

3  3  -2.09   -7 -5 6 #1 #2 imp:n=1      $ graphite 

4  4  -1      -10 -5 6 #1 #2 #3 imp:n=1  $ Lw   

5  0          10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 10.2      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 10.6      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 11.6      $ cylinder of graphite 

10 cz 21.6     $  Lw 

8 cz 0.1 

9 cz 9.7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    11.1  11.6                       $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  14783.999  1563.571 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   6000  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    grph.01t 

mt4    lwtr.01t  

nps  10000000 

print 
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Si ingot 8 in diameter & epi-thermal energy & Heavy Water(HW) 

c filter with 1 cm thickness.   

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1         $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1         $ water 

3  3 -1    -7 -5 6 #1 #2 imp:n=1      $ HW 

4  4 -1    -10 -5 6 #1 #2 #3 imp:n=1  $ Lw   

5  0        10:5:-6    imp:n=0        $ space   

                                  

c surface cards 

1 cz 10.2      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 10.6      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 11.6      $ cylinder of HW 

10 cz 21.6     $ Lw 

8 cz 0.1 

9 cz 9.7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    11.1  11.6                         $ r1, r2 

sp2   -21  1                              $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  14783.999  1563.571 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   1002   2   8016.62c  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    hwtr.01t 

mt4    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 8 in diameter & epi-thermal energy & Light Water(LW) 

c filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1         $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1         $ water  
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3  0        4:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 10.2      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 21.6      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

8 cz 0.1 

9 cz 9.7 

 

c data cards 

mode n 

sdef erg=d1 cel=2 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    11.1  11.6                         $ r1, r2 

sp2   -21  1                              $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  14783.999  1563.571 

m1   14000  1 

m2   1001.62c 2  8016.62c 1  

mt2    lwtr.01t 

nps  10000000 

print 
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Appendix (C): Samples of Input files in case of 10 in silicon ingot 

 
Si ingot 10 in diameter & epi-thermal energy & Graphite(G) 

c  filter with 1 cm thickness.  

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1         $ silicon ingot 

2  2  -1      -4 -5 6 #1 imp:n=1         $ water 

3  3  -2.09   -7 -5 6 #1 #2 imp:n=1      $ graphite 

4  4  -1      -10 -5 6 #1 #2 #3 imp:n=1  $ Lw   

5  0          10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 12.7      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 13.1      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 14.1      $ cylinder of graphite 

10 cz 24.1     $ Lw 

8 cz 0.1 

9 cz 12.2 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    13.6  14.1                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  23387.57  1956.429 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   6000  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    grph.01t 

mt4    lwtr.01t  

nps  10000000 

print 
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Si ingot 10 in diameter & epi-thermal energy & Heavy Water(HW) 

c  filter with 1 cm thickness.  

  

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1          $ silicon ingot 

2  2  -1      -4 -5 6 #1 imp:n=1          $ water 

3  3  -1      -7 -5 6 #1 #2 imp:n=1       $ HW 

4  4  -1      -10 -5 6 #1 #2 #3 imp:n=1   $ Lw   

5  0           10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 12.7      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 13.1      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 14.1      $ cylinder of HW 

10 cz 24.1     $  Lw 

8 cz 0.1 

9 cz 12.2 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    13.6  14.1                         $ r1, r2 

sp2   -21  1                              $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25  $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  23387.57  1956.429 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   1002     2  8016.62c 1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    hwtr.01t 

mt4    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 10 in diameter & epi-thermal energy & Light Water(LW) 

c  filter with 1 cm thickness.  

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1          $ silicon ingot 
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2  2  -1      -4 -5 6 #1 imp:n=1          $ LW  

3  0           4:5:-6    imp:n=0          $ space   

                                  

c surface cards 

1 cz 12.7      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 24.1      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

8 cz 0.1 

9 cz 12.2 

 

c data cards 

mode n 

sdef erg=d1 cel=2 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    13.6  14.1                         $ r1, r2 

sp2   -21  1                              $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  23387.57  1956.429 

m1   14000  1 

m2   1001.62c 2  8016.62c 1  

mt2    lwtr.01t  

nps  10000000 

print 
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Appendix (D): Samples of Input files in case of 12 in silicon ingot 

 
Si ingot 12 in diameter & epi-thermal energy & Graphite(G) 

c  filter with 1 cm thickness.  

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1          $ silicon ingot 

2  2  -1      -4 -5 6 #1 imp:n=1          $ water 

3  3  -2.09      -7 -5 6 #1 #2 imp:n=1    $ Graphite 

4  4  -1      -10 -5 6 #1 #2 #3 imp:n=1   $ Lw   

5  0           10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 15.2      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 15.6      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 16.6      $ cylinder of HW 

10 cz 26.6     $ Lw 

8 cz 0.1 

9 cz 14.7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    16.1  16.6                         $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25     $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  33955.429  2349.283 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   6000  1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    grph.01t 

mt4    lwtr.01t  

nps  10000000 

print 
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Si ingot 12 in diameter & epi-thermal energy & Heavy Water(HW) 

c  filter with 1 cm thickness.  

c cell cards 

1  1  -2.33   -1 -2 3    imp:n=1          $ silicon ingot 

2  2  -1      -4 -5 6 #1 imp:n=1          $ water 

3  3  -1      -7 -5 6 #1 #2 imp:n=1       $ HW 

4  4  -1      -10 -5 6 #1 #2 #3 imp:n=1   $ Lw   

5  0           10:5:-6    imp:n=0         $ space   

                                  

c surface cards 

1 cz 15.2      $ cylinder of si 

2 pz 25        $ top of cylinder 

3 pz -25       $ bottom of cylinder 

4 cz 15.6      $ cylinder of water 

5 pz 35        $ top 

6 pz -35       $ bottom 

7 cz 16.6      $ cylinder of HW 

10 cz 26.6     $ Lw 

8 cz 0.1 

9 cz 14.7 

 

c data cards 

mode n 

sdef erg=d1 cel=3 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    16.1  16.6                       $ r1, r2 

sp2   -21  1                            $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25    $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  33955.429  2349.283 

m1   14000  1 

m2   1001.62c 2  8016.62c 1 

m3   1002     2  8016.62c 1 

m4   1001.62c 2  8016.62c 1   

mt2    lwtr.01t 

mt3    hwtr.01t 

mt4    lwtr.01t  

nps  10000000 

print 

 

 

Si ingot 12 in diameter & epi-thermal energy & Light Water(LW) 

c  filter with 1 cm thickness. 

c cell cards 

1  1 -2.33 -1 -2 3    imp:n=1          $ silicon ingot 

2  2 -1    -4 -5 6 #1 imp:n=1          $ water   
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3  0        4:5:-6    imp:n=0          $ space   

                                  

c surface cards 

1 cz 15.2     $ cylinder of si 

2 pz 25       $ top of cylinder 

3 pz -25      $ bottom of cylinder 

4 cz 26.6     $ cylinder of water 

5 pz 35       $ top 

6 pz -35      $ bottom 

8 cz 0.1 

9 cz 14.7 

 

c data cards 

mode n 

sdef erg=d1 cel=2 rad=d2 pos=0 0 0 axs=0 0 1 ext=d3 

si1  5e-7  6.25e-3  1.25e-2  1.88e-2  2.50e-2  3.13e-2  3.75e-2 

     4.38e-2  5e-2  5.63e-2  6.25e-2  6.88e-2  7.50e-2  8.13e-2 

     8.75e-2  9.38e-2  0.1  0.106  0.113  0.119 

sp1  0.0  1.6e2  8e1  5.32e1  4e1  3.19e1  2.67e1  2.28e1 

     2e1  1.78e1  1.6e1  1.45e1  1.33e1  1.23e1  1.14e1 

     1.07e1  1e1  9.41  8.89  8.42 

si2    16.1  16.6                         $ r1, r2 

sp2   -21  1                              $ evenly distributed 

si3 a -25  -18   -12   -6   0.0   6   12   18   25   $ axial limit 

sp3   6.233e12  8.340e12  9.345e12  9.701e12  10.39e12 

      10.35e12  9.855e12  8.614e12  8.020e12 

f4:n   1 

fs4   -8  -9 

sd4   1.5714  333955.429  2349.283 

m1   14000  1 

m2   1001.62c 2  8016.62c 1   

mt2    lwtr.01t  

nps  10000000 

print 
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Appendix (E): Properties of Silicon, Graphite, Heavy water [28]  

 

Silicon 

 

Symbol Si 

Atomic Number 14 

Atomic Weight 28.0855 

Discovery Jons Jacob Berzelius 1824  

Word Origin  Latin: silicis 

Electron Configuration 28.0855 

Melting Point (K) 1683 

Boiling Point (K) 2628 

σa barns 0.16 

σs barns 1.7 

Element Classification [Ne]3s23p2 

Density (g/cm
3
): 2.33 

First Ionizing Energy (kJ/mol) 786.0 

Oxidation States 4, -4 

 

Graphite 

 

Symbol C 

Atomic Number 6 

Atomic Weight 12.011 

Discovery It has been known since prehistoric time 

Word Origin Latin carbo, German Kohlenstoff 

Electron Configuration [He]2s22p2 

Melting Point (K) 3820 

Boiling Point (K) 5100 

σa barns 0.0034 

σs barns 4.8 
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Element Classification Non-Metal 

Density (g/cm
3
): 2.25 

First Ionizing Energy (kJ/mol) 1085.7 

Oxidation States 4, 2, -4 

 

Heavy water 

 

Molecular formula 2H2O 

Molar mass 20.0276 g/mol 

Exact mass 20.023118178 g/mol 

Appearance pale blue transparent liquid 

Density 1.107 gm/cm
3
 

Melting Point (K) 3.8°C 

Boiling Point (K) 101.4°C 

σa barns 0.0010 

σs barns 13.6 

Molecular weight 20.0276 g/mol 

Vapor pressure 16.4 mm Hg 

Viscosity at 25°C 0.001095 Pa s 

 

 

 

 

 
 


