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ABSTRACT

Shielding is important in maintaining safe levels of radiation. In mixed
neutrons and gamma-rays condition, more than one material are needed for shielding
purposes. These materials can be arranged into a multilayer shield or they can be mixed
into a composite shield. These shields have different variables and it can be
increasingly complex to optimise them. In such a situation, using brute method is
infeasible in terms of computation time. Recent studies have been looking into the use
of metaheuristics in shield optimisation specifically the genetic algorithm (GA). This
study extends the knowledge by investigating the ant colony optimisation (ACO) for
shielding optimisation against mixed radiation. Three objectives were outlined: to
develop an ACO-based algorithm to optimise a shield made from polyethylene (PE),
boron, and tungsten, to build a GA as a comparison, and to evaluate the new shield
design. MCNPS was used for shielding calculations. There were four problem cases:
a composite shield with known solution (Case 1); a composite shield with unknown
solution (Case 1.2); a multilayer shield with known solution (Case 2); and a multilayer
shield with unknown solution (Case 2.2). Six ACO parameters and four GA parameters
were tested to observe their effects and to determine their best values for the
optimisation algorithms. Four composite shields were fabricated and experimented
with a 2>Cf mixed neutron-gamma source. It was observed that the ACO-MCNP
algorithm was significantly better than the brute method. It managed to find the exact
solutions for Case 1 and Case 2 while reducing the runtime of the brute method by
81.75% and 89.01% respectively. For Case 1.2 and Case 2.2, good solutions were
achieved in only 2.13 hours and 1.28 hours respectively as compared to the brute
method which could take almost 70 hours to complete. The results also suggest that
the ACO is a good alternative to the GA for shielding optimisation. For the
experimental work, it was found that the PE composite with additives of 16 wt% boron
and 16 wt% tungsten had the best mixed radiation shielding performance as compared

to pure polyethylene, poly-boron (25 wt%), and poly-tungsten (25 wt%).



ABSTRAK

Pemerisaian adalah penting dalam mengekalkan tahap sinaran yang selamat.
Dalam keadaan wujudnya percampuran neutron dan sinaran gama, lebih dari satu
bahan diperlukan bagi tujuan pemerisaian. Bahan-bahan ini boleh disusun secara
berlapis atau dicampur menjadi bahan komposit. Perisai seperti ini mempunyai
pelbagai pembolehubah dan usaha untuk mengoptimumkannya boleh menjadi rumit.
Dalam situasi sebegini, kaedah daya kasar adalah tidak praktikal dari segi masa
penyelesaian. Kajian-kajian terkini telah menguji kaedah metaheuristik untuk
pengoptimuman perisaian terutamanya kaedah algoritma genetik (GA). Kajian ini
melanjutkan usaha tersebut dengan menyiasat kaedah pengoptimuman koloni semut
(ACO) untuk perisaian sinaran tercampur. Terdapat tiga objektif: membangunkan
algoritma ACO untuk perisaian dari polietilena (PE), boron, dan tungsten;
membangunkan GA sebagai perbandingan; dan menguji perisai yang baharu. MCNP5
telah digunakan untuk pengiraan pemerisaian. Terdapat empat kes masalah: perisai
komposit yang berjawapan (Kes 1); perisai komposit yang tiada jawapan (Kes 1.2);
perisai berlapis yang berjawapan (Kes 2); dan perisai berlapis yang tiada jawapan (Kes
2.2). Enam parameter ACO dan empat parameter GA telah diuji untuk melihat impak
mereka dan untuk mengetahui nilai yang terbaik untuk algoritma pengoptimuman.
Empat perisai komposit telah dihasilkan dan diuji dengan sumber sinaran tercampur
292Cf. Ia didapati bahawa algorithma ACO-MCNP adalah jauh lebih baik dari kaedah
daya kasar. Ia berjaya menemukan penyelesaian yang tepat bagi Kes 1 dan Kes 2 di
samping mengurangkan masa penyelesaian kaedah daya kasar masing-masing
sebanyak 81.75% dan 89.01%. Untuk Kes 1.2 dan Kes 2.2, algorithma tersebut
menghasilkan penyelesaian yang baik masing-masing dalam jangka masa 2.13 jam dan
1.28 jam berbanding dengan kaedah daya kasar yang boleh mengambil masa hampir
70 jam untuk mendapatkan penyelesaian yang lengkap. Dapatan juga menunjukkan
bahawa kaedah ACO ini merupakan satu alternatif yang baik kepada GA dalam
pengoptimuman pemerisaian. Untuk kajian eksperimen, ia didapati bahawa komposit
PE dengan kandungan 16 berat% boron dan 16 berat% tungsten merupakan perisai
yang terbaik untuk sinaran tercampur berbanding dengan polietilena asli, poli-boron

(25 berat%), dan poli-tungsten (25 berat%)
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

The advances of nuclear technology and their widespread applications in
various fields pose risks of radiation exposure to the people and the environment. There
are two types of radiation: non-ionising radiation and ionising radiation. The latter is
more concerned in nuclear-related activities because they can affect humans at the
cellular level (Nambiar and Yeow, 2012). Examples of ionising radiation are alpha
particles, beta particles, neutrons, and gamma-rays. The last two examples are the most
penetrative radiations and in applications such as nuclear power reactors, they are
present together. In such a situation, there is a need for different shield materials for
each of them. This is due to their nature and their interaction with matter. Neutrons are
neutral particles that can either be absorbed or scattered. Depending on their energy,
photons are electromagnetic radiations that can mainly undergo photoelectric effect,

Compton scattering, and pair production (Shultis and Faw, 2002).

To establish levels of control of exposure to the public, the International
Commission of Radiation Protection (ICRP) has outlined three basic principles which
are justification, optimisation, and dose limitation. The radiation dose can be reduced
by: (1) maximising distance from the radiation source, (2) minimising time handling
the source, and (3) positioning a shield between working personnel and the source. The
first two methods can be implemented through the administration of working
procedure. The third method requires more careful design and considerations as shields

are generally permanent and not easily replaced.



A shield is defined as a physical material placed between an ionizing radiation
source and a protected subject (often a human being) to reduce the radiation level at
the subject's position (Chilton, Shultis, and Faw, 1984). Various materials have been
used as shielding. Generally, hydrogenous materials such as paraffin and water are
good for neutron shielding because hydrogen atoms can elastically scatter neutrons,
effectively reducing their energy. Meanwhile, shields for photons such as X-rays and
gamma-rays need to be made from elements of high atomic number as they have more

electrons to react with the photons.

The different materials required to shield against mixed radiation can exist in
the form of chemically-bonded compound material (e.g. water, polyethylene), or in the
form of physically-mixed composite material (e.g. concrete, polyboron). These
materials can also be stacked together into a multilayer shield. The advantage of a
composite material is that the mass of a shield can be reduced by combining materials
of different shielding capabilities (Nambiar et al., 2012). However, the difficulty in
producing composites is in ensuring uniformity of the particles in the polymer substrate.
The lack of uniformity could cause variations between simulated and experimental
results (Osman et al., 2015; Waly and Bourham, 2015; Wang et al., 2015). Non-uniform
composites can also result in pinholes, pure polymer areas which radiation can
penetrate through (Kim, Park, and Seo, 2015). These problems are not observed in
multilayer shields. While they are not as lightweight as composite shields, they can be
lighter than single layer shields (McCaffrey, Mainegra-Hing, and Shen, 2009).

Different shielding applications have different design requirements. There will
always be conflicting design variables. For example, a mobile system such as a
surveillance robot or a spaceship favours a lighter overall mass, but usually, a good
radiation shield is heavy. New, exotic materials can be used, but this results in a higher
cost of development. Therefore, optimisation approaches can be utilised in resolving
the conflicting requirements and in making necessary compromises. With the advent
of digital computers, the solution of problems containing many variables and the
creation of iterative optimisation schemes became practical. Recently, new nature-
inspired metaheuristic algorithms have become popular in optimisation methods

because of their simpler implementation, yet they are able to solve a diverse, often
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highly non-linear problems. They are also capable of finding global optimum in the
case of multimodality (more than one optimum solution) (Yang, Koziel, and Leifsson,
2013). Examples are genetic algorithm, particle swarm optimisation, and ant colony
optimisation. Currently, only the genetic algorithm had been used in optimising

multilayer shielding against mixed radiation.

1.2 Problem Statement

In a shielding optimisation process, there can be many goals and constraints.
For a multilayer shield, the variables are the arrangement of the layers and the thickness
of each layer. For a composite shield, the composition of elements and the thickness
of the shield are considered. The variables can be increasingly complex when other
application-related requirements are included. When this happens, determining the
exact solution using brute method is not feasible in terms of computation cost and
computing time. Therefore, researchers have been investigating the use of
metaheuristics (a class of approximate optimisation algorithms) in shield optimisation.
Previous studies only focused on the genetic algorithm (GA) (Hu et al., 2008; Kim and
Moon, 2010; Cai et al., 2018). There seems to be a lack of researches on the use of
other metaheuristics. Therefore, a study on the application of ant colony optimisation
(ACO) to shielding design was proposed. Depending on the problem, the ACO
algorithm was found to have some advantages over the GA. The former has higher
computational efficiency, is less affected by poor initial solutions, and is able to
maintain collective information from all iterations (Maier et al., 2003; Camp and
Bichon, 2004; Aydogdu and Saka, 2012). The performance and behaviour of the ACO
for shield optimisation problem are still undetermined because there is no investigation
on this matter so far. It is also unknown if the metaheuristic has any advantage over
the GA for this problem. In addition, a novel composite shield design made up of
polyethylene, boron, and tungsten can be investigated using the optimisation

algorithms and experiments.



1.3 Objectives of the Study

Based on the problem statement, the main objective of this study is to determine
the performance of ACO algorithm in shielding optimisation. It is separated into three

specific objectives:

1. To develop an ACO algorithm for optimising a novel shield consisting of
polyethylene, boron, and tungsten against neutrons and gamma-rays.
2. To develop a genetic algorithm for comparison with the ACO algorithm.

3. To evaluate the shielding effectiveness of the new shield design.

14 Scope of the Study

There were two cases for the shields: multilayer (three layers) and composite.
The multilayer shield was optimised in terms of thickness and arrangement, while the
composite shield was optimised in terms of its elemental weight percentages and
thickness. The shielding materials were polyethylene, boron, and tungsten. This was
due to the ability of the polyethylene to moderate fast neutrons from the source, the
ability of the boron to absorb the moderated neutrons, and the ability of the tungsten
to absorb gamma-rays from the source and also secondary photons from neutron

interactions with the shielding material.

Three types of optimisation algorithms were developed. The first algorithm
was a brute method (trial-and-error) algorithm which the exact solution to the shielding
problem was identified by evaluating every possible combination of the shielding
variables. The last two algorithms were based on the Ant Colony Optimisation method
and Genetic Algorithm method. Testing was done for six ACO parameters and four GA
parameters to determine the most suitable settings for the shielding optimisation
problem. The ACO parameters were the number of iterations, the number of ants, the
pheromone relative coefficient, the heuristic information relative coefficient, the

pheromone addition constant, and the evaporation coefficient. On the other hand, the
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GA parameters were the number of generations, the number of individuals, the parent-
to-population ratio, and the mutation rate. The performances of ACO and GA were
assessed based on their running times and the quality of the generated results (i.e. how

close they were from the exact solutions).

The shields were evaluated using MCNP5 simulations and experimental work.
In the MCNP5 calculations, the radiation source was made to release monoenergetic
700-keV neutrons and 200-keV photons to simulate the most probable energy of the
radiations emitted by a mixed neutron-gamma source (Hadad et al., 2016; Boulogne
and Evans, 1968). The desired output was the dose rates in the detector volume. For
the experiment, the source used is ?*>Cf. The shield performance was gauged based on

the comparison between the unshielded dose rates with the transmitted dose rates.

1.5 Significance of the Study

This research extends the research on the use of metaheuristics for radiation
shielding optimisation, specifically the ACO method. Its advantage over the brute
method and the GA method can be determined through the comparison between their
optimisation performance. The resulting algorithm can be used to optimise a shielding
made up of any material available to the designer. Besides, due to the flexibility of the
metaheuristic, the ACO can be utilised for other shielding applications such as mobile
nuclear devices and spacecraft. This can be done by changing the optimisation goals
and constraints. The success of the implementation of ACO in shielding optimisation
means that other metaheuristics can also be explored in order to develop better tools
for shielding designers. The outcome of the experiment also reveals the potential of a
new shield design made up of polyethylene, boron, and tungsten in a mixed neutron-

gamma condition.



1.6 Organisation of Chapters

Chapter 1 introduces the background, the problem statement, objectives,
scopes, and significance of the research. Chapter 2 discusses a literature review of
radiation shielding, metaheuristics, ant colony optimisation, and previous related
studies of other authors. Chapter 3 describes the methodology of simulations and
experiments that were used in this research. Chapter 4 includes the discussion of
results. Chapter 5 concludes the thesis with a summary of the findings and

recommendations for future work.



REFERENCES

Abbas, J. (2012). Calculation of buildup factor for gamma-ray exposure in two layered
shields made of water and lead. Journal of Kufa-Physics, 4(1), 1-10.

Agostinelli, S., Allison, J., Amako, K. A., Apostolakis, J., Araujo, H., Arce, P., ... &
Behner, F. (2003). GEANT4—a simulation toolkit. Nuclear instruments and
methods in physics research section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 506(3), 250-303.

Aim-O, P., Wongsawaeng, D., Phruksarojanakun, P., & Tancharakorn, S. (2017,
June). Monte carlo simulation of innovative neutron and photon shielding
material composing of high density concrete, waste rubber, lead and boron
carbide. In Journal of Physics: Conference Series (Vol. 860, No. 1, p. 012043).
IOP Publishing.

Al-Arif, M. S., & Kakil, D. O. (2015). Calculated-Experimental Model for Multilayer
Shield. ARO-The Scientific Journal of Koya University, 3(1), 23-27.

Alavian, H., & Tavakoli-Anbaran, H. (2019). Study on gamma shielding polymer
composites reinforced with different sizes and proportions of tungsten particles
using MCNP code. Progress in Nuclear Energy, 115, 91-98.

Aldhuhaibat, M. J., Alfakhar, M. K., & Amana, M. S. (2015). Numerical Buildup
Factor Calculation of Gamma Rays for Single, Dual, and Multi-Layers Shields
Using Lead and Aluminum. International Journal of Recent Scientific
Research, 6, 5184-5189.

Alhanjouri, M. A., & Alfarra, B. (2013). Ant colony versus genetic algorithm based on
travelling salesman problem. International Journal of Computer Technology
and Applications, 2(3).

Arora, K. & Arora, M. (2016). Better Result for Solving TSP: GA versus ACO.
International Journal of Advanced Research in Computer Science and
Software Engineering, 6(3), 219-224.

Aydogdu, 1., & Saka, M. P. (2012). Ant colony optimization of irregular steel frames
including elemental warping effect. Advances in Engineering Software, 44(1),

150-169.

102



Battistoni, G., Cerutti, F., Fasso, A., Ferrari, A., Muraro, S., Ranft, J., ... & Sala, P. R.
(2007, March). The FLUKA code: Description and benchmarking. In AIP
Conference proceedings (Vol. 896, No. 1, pp. 31-49). AIP.

Bland, J. A. (2001). Optimal Structural Design by Ant Colony Optimization.
Engineering Optimization 33(4), 425-443.

Blum, C. (2005). Ant colony optimization: Introduction and recent trends. Physics of
Life Reviews, 2, 353-373.

Brown, F. B., Barrett, R. F., Booth, T. E., Bull, J. S, Cox, L. J., Forster, R. A, ... &
Selcow, E. C. (2002). MCNP version 5. Transactions of the American Nuclear
Society, 87(273), 02-3935.

Boulogne, A. R., & Evans, A. G. (1969). Californium-252 neutron sources for medical
applications. The International Journal of Applied Radiation and Isotopes,
20(6), 453-461.

Boussaid, 1., Lepagnot, J., and Siarry, P. (2013). A survey on optimization
metaheuristics. Information Sciences, 237, 82-117.

Cai, Y., Hu, H., Pan, Z., Hu, G., & Zhang, T. (2018). A method to optimize the shield
compact and lightweight combining the structure with components together by
genetic algorithm and MCNP code. Applied Radiation and Isotopes, 139, 169-
174.

Calzada, E., Griinauer, F., Schillinger, B., & Tiirck, H. (2011). Reusable shielding
material for neutron-and gamma-radiation. Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors, and
Associated Equipment, 651(1), 77-80.

Camp, C. V., & Bichon, B. J. (2004). Design of space trusses using ant colony
optimization. Journal of Structural Engineering, 130(5), 741-751.

Camp, C. V., Bichon, B. J., & Stovall, S. P. (2005). Design of steel frames using ant
colony optimization. Journal of Structural Engineering, 131(3), 369-379.

Chanthima, N., Kaewkhao, J., Limkitjaroenporn, P., Tuscharoen, S., Kothan, S.,
Tungjai, M., ... & Limsuwan, P. (2017). Development of BaO-ZnO-B203
glasses as a radiation shielding material. Radiation Physics and Chemistry,
137, 72-77.

Chilton, A. B., Shultis, J. K., & Faw, R. E. (1984). Principles of radiation shielding.
Old Tappan, NJ: Prentice Hall Inc.

103



Christodoulou, S. (2005, June). Optimal truss design using ant colony optimization. In
the 5th GRACM International Congress on Computational Mechanics.
Compton Scattering. (n.d.). Retrieved October 17, 2016, from http://hyperphysics.phy-

astr.gsu.edu/hbase/quantum/compton.html.

Cordon, O., Herrera, F., & Stiitzle, T. (2002). A review on the ant colony optimization
metaheuristic: Basis, models and new trends. Mathware & Soft Computing
2002 Vol. 9 Num. 2 [-3].

Dorigo, M., Maniezzo, V., & Colorni, A. (1996). Ant system: optimization by a colony
of cooperating agents. IEEE Transactions on Systems, Man, and Cybernetics,
Part B: Cybernetics, 26(1), 29-41.

Dorigo, M., & Socha, K. (2007). An Introduction to Ant Colony Optimization, Book
Chapter in Approximation Algorithms and Metaheuristic. Retrieved from
http://www.viveksingh.in/softcomp/aco%20intro.pdf on 9/1/2017

Evans, R. D. (1968). Radiation Dosimetry, Vol. 1. NY: Academic Press.

Eyecioglu, O., Karabul, Y., El-Khayatt, A. M., & Icelli, O. (2016). ZXCOM: a
software for computation of radiation sensing attributes. Radiation Effects and
Defects in Solids, 171(11-12), 965-977.

Eyecioglu, O., El-Khayatt, A. M., Karabul, Y., Caglar, M., Toker, O., & Igelli, O.
(2019). BXCOM: a software for computation of radiation sensing. Radiation
Effects and Defects in Solids, 1-13.

Fuse, T., Yamaji, A., & Miura, T. (1970). The optimum arrangement of laminated iron-
water shields. Nuclear Engineering and Design, 13(3), 390-394.

Gaber, F., El-Sarraf, M., & Kansouh, W. (2013). Utilization of boron oxide glass and
epoxy/ilmenite assembly as two layer shield. Annals of Nuclear Energy, 57,
106-110.

Gerward, L., Guilbert, N., Jensen, K. B., & Leving, H. (2004). WinXCom-a program
for calculating X-ray attenuation coefficients. Radiation physics and
chemistry, 71, 653-654.

Gill, S. S., Chandel, R., & Chandel, A. (2009). Comparative study of ant colony and
genetic algorithms for VLSI circuit partitioning. International Journal of
Electrical and Computer Engineering, 4(6).

Grove Software. (2019). MicroShield. Retrieved from https://www.radiationsoftware.

com/microshield.

104



Hadad, K., Nematollahi, M., Sadeghpour, H., & Faghihi, R. (2016). Moderation and
shielding optimization for a 2>2Cf based prompt gamma neutron activation
analyzer system. International Journal of Hydrogen Energy, 41(17), 7221-
7226.

Hallenbeck, W. H. (1994). Radiation Protection. USA: Lewis Publishers.

Harrison, C., Weaver, S., Bertelsen, C., Burgett, E., Hertel, N., & Grulke, E. (2008).
Polyethylene/boron nitride composites for space radiation shielding. Journal
of applied polymer science, 109(4), 2529-2538.

Hong, S.-B., Kang, M.-]., Lee, K.-W., & Chung, U.-S. (2009). Development of scaling
factors for the activated concrete of the KRR-2. Applied Radiation and Isotopes,
67(7), 1530-1533.

Hossain, M., Islam, S., Quasem, M., & Zaman, M. (2010). Study of shielding
behaviour of some multilayer shields containing PB and BX. Indian Journal of
Pure and Applied Physics, 48(12), 860-868.

Hu, H., Wang, Q., Qin, J.,, Wu, Y., Zhang, T., Xie, Z., ... & Zhang, J. (2008). Study on
Composite Material for Shielding Mixed Neutron and vy-Rays. IEEE
Transactions on Nuclear Science, 55(4), 2376-2384.

Huang, Y., Zhang, W., Liang, L., Xu, J., & Chen, Z. (2013). A “Sandwich” type of
neutron shielding composite filled with boron carbide reinforced by carbon
fiber. Chemical engineering journal, 220, 143-150.

Hubbell, J. H., & Seltzer, S. M. (1995). Tables of X-ray mass attenuation coefficients
and mass energy-absorption coefficients 1 keV to 20 MeV for elements Z= 1 to
92 and 48 additional substances of dosimetric interest (No. PB-95-
220539/XAB; NISTIR-5632). National Inst. of Standards and Technology-PL,
Gaithersburg, MD (United States). lonizing Radiation Div.

ICRP (1991). Publication 60, 1990 Recommendations of the International
Commission on Radiological Protection. Annals of ICRP, 21(1-3).

Jang, J., Kim, W., Jeong, S., Jeong, E., Park, J., Lemaire, M., Lee, H., Jo, Y., Zhang, P.
& Lee, D. (2018). Validation of UNIST Monte Carlo code MCS for criticality
safety analysis of PWR spent fuel pool and storage cask. Annals of Nuclear
Energy, 114, 495-509.

Jiang, Z., et al. (2015). Comparing an ant colony algorithm with a genetic algorithm
for replugging tour planning of seedling transplanter. Computers and

Electronics in Agriculture, 113, 225-233.
105



KAERI (n.d.). Table of Nuclides. Retrieved October 17, 2016, from
http://atom.kaeri.re.kr:8080/

Katona, G., Lénart, B., & Juhasz, J. (2015, June). Compare Ant-colony and Genetic
algorithm for shortest path problem and introduce their parallel
implementations. In 2015 International Conference on Models and
Technologies for Intelligent Transportation Systems (MT-ITS) (pp. 312-319).
IEEE.

Kaveh, A., & Talatahari, S. (2010). An improved ant colony optimization for the design
of planar steel frames. Engineering Structures, 32(3), 864-873.

Kim, B. S., & Moon, J. H. (2010). Use of a genetic algorithm in the search for a near-
optimal shielding design. Annals of Nuclear Energy, 37(2), 120-129.

Kim, Y., Park, S., & Seo, Y. (2015). Enhanced X-ray Shielding Ability of Polymer—
Nonleaded Metal Composites by Multilayer Structuring. Industrial &
Engineering Chemistry Research, 54(22), 5968-5973.

Korkut, T., Karabulut, A., Budak, G., Aygiin, B., Gencel, O., & Hangerliogullar1, A.
(2012). Investigation of neutron shielding properties depending on number of
boron atoms for colemanite, ulexite and tincal ores by experiments and
FLUKA Monte Carlo simulations. Applied Radiation and Isotopes, 70(1), 341-
345.

Kumar, M., Husian, M., Upreti, N., & Gupta, D. (2010). Genetic algorithm: Review
and application. International Journal of Information Technology and
Knowledge Management, 2(2), 451-454.

Lamarsh, J. R., & Baratta, A. J. (2001). Introduction to nuclear engineering (\Vol. 3).
Upper Saddle River, NJ: Prentice Hall.

Larrafiaga, P., Kuijpers, C. M. H., Murga, R. H., Inza, I., & Dizdarevic, S. (1999).
Genetic algorithms for the travelling salesman problem: A review of
representations and operators. Artificial Intelligence Review, 13(2), 129-170.

Li, X.,, Wu, J,, Tang, C., He, Z., Yuan, P., Sun, Y., ... & Huang, Y. (2019). High
temperature resistant polyimide/boron carbide composites for neutron
radiation shielding. Composites Part B: Engineering, 159, 355-361.

Liao, Y. C., Xu, D. G., & Zhang, P. C. (2018). B 4 C/NRL flexible films for thermal

neutron shielding. Nuclear Science and Techniques, 29(2), 17.

106



Maier, H. R., Simpson, A. R., Zecchin, A. C., Foong, W. K., Phang, K. Y., Seah, H.
Y., & Tan, C. L. (2003). Ant colony optimization for design of water
distribution systems. Journal of water resources planning and management,
129(3), 200-209.

Mann, K. S., Heer, M. S., & Rani, A. (2016). Gamma-ray double-layered transmission
exposure buildup factors of some engineering materials, a comparative study.
Radiation Physics and Chemistry, 125, 27-40.

Martinez, F. J., Gonzélez-Vidosa, F., Hospitaler, A., & Alcala, J. (2011). Design of
tall bridge piers by ant colony optimization. Engineering Structures, 33(8),
2320-2329.

McCaftrey, J., Mainegra-Hing, E., & Shen, H. (2009). Optimizing non-Pb radiation
shielding materials using bilayers. Medical Physics, 36(12), 5586-5594.

McGann, O. J., & Ojovan, M. L. (2011). The synthesis of graphite—glass composites
intended for the immobilisation of waste irradiated graphite. Journal of
Nuclear Materials, 413(1), 47-52.

Mohan, B. C., & Baskaran, R. (2012). A survey: Ant Colony Optimization based recent
research and implementation on several engineering domain. Expert Systems
with Applications, 39(4), 4618-4627.

Nambiar, S., & Yeow, J. T. (2012). Polymer-composite materials for radiation
protection. ACS applied materials & interfaces, 4(11), 5717-5726.

Nowotny, R. (1998). XMuDat: Photon attenuation data on PC. IAEA Report IAEA-
NDS, 195.

Okunade, A. A. (2007). Parameters and computer software for the evaluation of mass
attenuation and mass energy-absorption coefficients for body tissues and
substitutes. Journal of Medical Physics/Association of Medical Physicists of
India, 32(3), 124.

Oliveira, A. D., & Oliveira, C. (2005). Comparison of deterministic and Monte Carlo
methods in shielding design. Radiation protection dosimetry, 115(1-4), 254-
257.

Osman, A., El-Sarraf, M., Abdel-Monem, A., & Abdo, A. E.-S. (2015). Studying the
shielding properties of lead glass composites using neutrons and gamma rays.

Annals of Nuclear Energy, 78, 146-151.

107



Ostfeld, A., & Tubaltzev, A. (2008). Ant colony optimization for least-cost design and
operation of pumping water distribution systems. Journal of Water Resources
Planning and Management, 134(2), 107-118.

Oto, B., Giir, A., Kavaz, E., Cakir, T., & Yaltay, N. (2016). Determination of gamma
and fast neutron shielding parameters of magnetite concretes. Progress in
Nuclear Energy, 92, 71-80.

Papadimitriou, C. H. & Steiglitz, K. (1982). Combinatorial Optimization - Algorithms
and Complexity. New York, U.S.: Dover Publications Inc.

Prokhorets, 1., Prokhorets, S., Khazhmuradov, M., Rudychev, E., & Fedorchenko, D.
(2007). Point-kernel method for radiation fields simulation. Problems of
Atomic Science and Technology, 106-109.

Putha, R., Quadrifoglio, L., & Zechman, E. (2012). Comparing ant colony
optimization and genetic algorithm approaches for solving traffic signal
coordination under oversaturation conditions. Computer-Aided Civil and
Infrastructure Engineering, 27(1), 14-28.

Sakar, E., Ozpolat, O. F., Alm, B., Sayyed, M. L., & Kurudirek, M. (2020). Phy-
X/PSD: development of a user friendly online software for calculation of
parameters relevant to radiation shielding and dosimetry. Radiation Physics
and Chemistry, 166, 108496.

Sariyer, D., & Kigcer, R. (2018, February). Double-layer neutron shield design as
neutron shielding application. In AIP Conference Proceedings (Vol. 1935, No.
1, p. 180004). AIP Publishing.

Schaefter, N. M. (1973). Reactor Shielding for Nuclear Engineers (No. TID-25951).
U.S. Atomic Energy Commission.

Shultis, J. K., & Faw, R. E. (2002). Fundamentals of Nuclear Science and Engineering.
Manhattan: Kansas State University.

Shultis, J. K., & Faw, R. E. (2005). Radiation shielding technology. Health Physics,
88(6), 587-612.

Shultis, J. K., & Faw, R. E. (2011). An MCNP Primer (pp. 1-42).

Singh, K., Singh, S., Dhaliwal, A., & Singh, G. (2015). Gamma radiation shielding
analysis of lead-flyash concretes. Applied Radiation and Isotopes, 95, 174-179.

Socha, K., & Dorigo, M. (2008). Ant colony optimization for continuous domains.

European Journal of Operational Research, 185, 1155-1173.

108



Soltani, Z., Beigzadeh, A., Ziaie, F., & Asadi, E. (2016). Effect of particle size and
percentages of Boron carbide on the thermal neutron radiation shielding
properties of HDPE/B4C composite: Experimental and simulation studies.
Radiation Physics and Chemistry, 127, 182-187.

Stiitzle, T., & Dorigo, M. (1999). ACO algorithms for the traveling salesman problem.
Evolutionary algorithms in engineering and computer science, 163-183.

Varier, K. M. (2009). Nuclear radiation detection, measurements, and analysis.
Oxford: Alpha Science.

Vega-Carrillo, H. R., Manzanares-Acufia, E., Hernandez-Davila, V. M. (2006).
Neutron Shielding for a 2>2Cf Source. In Annual Meeting XVII Annual SNM
Congress, First American IRPA Congress.

Vega-Carrillo, H. R., Villagrana-Mufoz, L. E., Rivera-Perez, E., de Leon-Martinez,
H. A., Soto-Bernal, T. G., & Hernandez-Davila, V. M. (2013). Concrete
enclosure for shielding a neutron source. Applied Radiation and Isotopes, 79,
37-41.

Waly, E.-S. A., & Bourham, M. A. (2015). Comparative study of different concrete
composition as gamma-ray shielding materials. Annals of Nuclear Energy, 83,
306-310.

Wang, P., Tang, X., Chai, H., Chen, D., & Qiu, Y. (2015). Design, fabrication, and
properties of a continuous carbon-fiber reinforced Sm2Os/polyimide gamma
ray/neutron shielding material. Fusion Engineering and Design, 101, 218-225.

Whetstone, Z. D., & Kearfott, K. J. (2016). Layered shielding design for an active
neutron interrogation system. Radiation Physics and Chemistry, 125, 69-74.

Xu, D., Guo, Z. T., Li, S. F.,, Zheng, J. M., Li, T. J., Zhang, L., ... & Zhang, J. (2013,
July). The Research of Shielding Material for Mixed Field. In 2013 21st
International Conference on Nuclear Engineering. American Society of
Mechanical Engineers Digital Collection.

Yalgin, Z., Igelli, O., Okutan, M., Boncukcuoglu, R., Artun, O., & Orak, S. (2012). A
different perspective to the effective atomic number (Zeff) for some boron
compounds and trommel sieve waste (TSW) with a new computer program
ZXCOM. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 686, 43-
47.

109



Yang, X. S., Koziel, S., & Leifsson, L. (2013). Computational optimization, modelling
and simulation: Recent trends and challenges. Procedia Computer Science, 18,
855-860.

Yao, Y., Zhang, X., Li, M., Yang, R., Jiang, T., & Lv, J. (2016). Investigation of
gamma ray shielding efficiency and mechanical performances of concrete
shields containing bismuth oxide as an environmentally friendly additive.
Radiation Physics and Chemistry, 127, 188-193.

Yilmaz, E., Baltas, H., Kiris, E., Ustabas, I., Cevik, U., & El-Khayatt, A. (2011).
Gamma ray and neutron shielding properties of some concrete materials.
Annals of Nuclear Energy, 38(10), 2204-2212.

Zhang, X., Yang, M., Zhang, X., Wu, H., Guo, S., & Wang, Y. (2017). Enhancing the
neutron shielding ability of polyethylene composites with an alternating multi-

layered structure. Composites Science and Technology, 150, 16-23.

110



APPENDIX A List of Publications

Indexed Conference Proceedings

1.

Sazali, M. A. B., Rashid, N. K. A. M., & Hamzah, K. (2017, July). Ant Colony
Optimization of Multilayer Shielding for Mixed Neutron and Gamma
Radiations: A Preliminary Study. In 2017 25th International Conference on
Nuclear Engineering (pp. VO09T15A058-V009T15A058). American Society
of Mechanical Engineers. (Indexed by SCOPUS)

Sazali, M. A., Rashid, N. K. A. M., & Hamzah, K. (2018, January). A
preliminary study to metaheuristic approach in multilayer radiation shielding
optimization. In IOP Conference Series: Materials Science and Engineering
(Vol. 298, No. 1, p. 012042). 10P Publishing. (Indexed by SCOPUS)

Sazali, M. A., Rashid, N. K. A. M., & Hamzah, K. (2019, June). A review on
multilayer radiation shielding. In IOP Conference Series: Materials Science

and Engineering (Vol. 555, No. 1, p. 012008). I0P Publishing. (Indexed by
SCOPUS)

111



APPENDIX B ACO-MCNP Python Script
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