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Abstract  

     Radiation dose and shielding calculations are one of the most important functions in the field of 

cyclotron design. A number of nuclear data inputs are required for the shielding design of medical 

cyclotrons which include the dose equivalent rate attenuation characteristics, the neutron-gamma source 

term and energy distribution. The radiation shielding form a major capital investment for any new 

cyclotron-based radioisotope production facility; therefore, an accurate cost-benefit analysis based on a 

complex multi-variant optimization technique is required for the shielding design. In this work, the main 

safety requirements for medical cyclotron were presented and the optimized total shielding cost is 

obtained using Genetic Algorithm (GA). In addition, the shielding thickness resulted from optimizing the 

total shielding cost is used in radiation dose calculation. It is proved that the GA can work with a large 

number of variables and reach the global minimum solution for the total shielding cost.  
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1. Introduction     

 

    Cyclotron has been essential to experimental nuclear and particle physics research. These machines 

were used in biophysical and medical fields since early days [1]. The main priority focused on the nuclear 

physics applications. A new breed of compact cyclotrons called "medical cyclotron", primarily aimed for 

medical applications; mainly the production of radionuclide for nuclear medicine became available [2, 3].  

     Cyclotron is a machine that accelerates charged particles to high speeds by stirring them in a circular 

path. It is used in the medical field as diagnostic tracers and for cancer treatment as a primary source for 

the creation of radioactive materials. The use of materials protecting from radiation is called shielding. So 

that effective radiation shielding is essential to save operation of modern cyclotrons which lead to 

produce large activities of short-lived radioisotopes. The use of lead or concrete around a source of 

radiation is preventing the harmful release of radiation. [4].  

    The medical cyclotrons investigative nuclear medicine generate radioisotopes via bombarding thick 

copper substrates electroplated by enriched close relative target materials with 30 MeV protons at        

400 µA beam current. The target bombardment results in the creation of intense field of high-energy 

neutrons and gamma-rays. Consequently the high performance target are closed in separate target vaults 

made of high density concrete  in order to keep away from the radio-activation of cyclotrons to workers 

and members of public. Thus, in the radiological safety the professional shielding of the target vaults has 

the most important function in safety and cost-effective operation of Medical cyclotron facilities [5, 6].  
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     The optimal design for Medical cyclotrons shielding requires a cautious balance between the 

radiological and economical factors [7, 8]. The mathematical methods of medical cyclotron shielding 

optimization [9, 10] within the law of ALARA has been discussed in [11].   

      The usual optimization techniques for the functions of multiple variables, such as the cost benefit 

investigation used for medical cyclotron shielding design is too complex. Hence, a new technique based 

on the Genetic Algorithm (GA) was applied to solve this problem. The GA is a mathematical procedure 

that emulates the Darwinian development model. It is preferably proper to search for a large-scale 

optimum in a multi-dimensional solution space, having verified power compared to the traditional 

analytical methods. The input shielding data were predictable through experimental investigations carried 

out in the accessible cyclotron vault and beam room of the Australian National Medical Cyclotron. 

Sufficient radiation shielding is essential to the safe operation of medical cyclotrons. 

       
       The cost of radiological shield of a cyclotron facility is a function of cyclotron operational conditions, 

the concentration of radiation fields created inside and outside the vault, cost of shielding material and 

actual property cost. The aim of the cyclotron shielding-designer is to get an optimized balance between 

the costs of radiological protection and radiological health harm fulfilling the ALARA principle [11, 12].  

       

         This paper includes reviewing the relevant literature and studying the physical phenomena related to 

the scope of the work and the safety requirements for medical cyclotron in section (1). Principles of 

shielding are presented in section (2). Also, Shielding thickness calculations and total (neutron and 

gamma) dose equivalent calculations are presented in details in section (4). Section (5) explains the 

application of GA in optimizing the total shielding cost and calculations of radiation dose for workers.           

 

 

2. Safety Requirements for Medical Cyclotron 

2.1 General Safety Requirements 

      

          The basic safety requirement is to protect people and the environment from dangerous effects of 

ionizing radiation. This requirement must be carried out without limiting the operation of facilities or the 

perform of activities which increase radiation risks. Thus, the system of protection and safety aims to 

evaluate, manage and control exposure to radiation so that radiation risks such as risks of health effects 

and risks to the environment are reduced to the extent rationally achievable. These Standards are based on 

the following safety principles stated in the Fundamental Safety Principles [IAEA]: 

Principle 1: Responsibility for safety, The main responsibility for safety must hold-up with the person 

or organization responsible for facilities and activities that increase radiation risks.  

Principle 2: Role of government, An efficient legal and governmental framework for safety, including 

an independent regulatory body, must be established and sustained.  

Principle 3: Leadership and management for safety, efficient leadership and management for safety 

must be established and sustained in organizations concerned with the facilities and activities that increase 

radiation risks. 

Principle 4: Justification of facilities and activities. Facilities and activities that increase radiation risks 

must lead to an overall benefit. 

Principle 5: Optimization of protection, Protection must be optimized to give the highest level of safety 

that can reasonably be achieved.  
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Principle 6: Limitation of risks to individuals, Measures for controlling radiation risks must guarantee 

that no individual bears an unacceptable dangerous harm. 

Principle 7: Protection of present and future generations, People and the environment, present and 

future, must be protected against radiation risks. 

Principle 8: Prevention of accidents, All practical efforts must be made to avoid and attenuate nuclear 

or radiation accidents. 

Principle 9: Emergency preparedness and response, Preparations must be made for emergency 

preparedness and response for nuclear or radiation accidents. 

Principle 10: Protective actions to reduce existing or unregulated radiation risks, Protective actions 

to decrease existing or unregulated radiation risks must be defensible and optimized [13]. 

ALARA Principle, The guiding principle is the ALARA which stresses that the doses received by 

workers and members of the public be kept as Low as reasonably achievable, economic and social   

factors taken into confederation. Obligation to the ALARA Principle is established by the following 

elements: 

* Saving of resources, organization and support of training sessions, establishment of “action levels” 

accurate documentation of all radiation safety associated data and events. 

*Regular operational reviews of dose records, frequency of contamination control, review and 

introduction of new technology for enhanced radiation protection.  

 

Regulatory Dose Limits, The Canadian Nuclear Safety Commission (CNSC), under the Radiation 

Protection Regulations (RPR SOR/2000-203), defines limits on the equivalent dose received by a tissue 

or organ, and limits on the effective dose received by person. 

 

General Public, The ALARA principle for non-nuclear energy workers must be made to reduce the 

actual doses to as low a level as possible, and the dose limit for workers and members of the public is 

1mSv in one year.  [14] 

 

2.2 Procedures for the Medical Cyclotron Facility 

     Government of the Canadian Nuclear Safety Commission procedures reflect the policies and 

recommendations of the Radiation Safety Committee and conform to the Regulations and Requirements 

The purpose of safety procedures is to guarantee maximum safety to all personnel in and around the 

Medical Cyclotron Facility. They are planned to establish and maintain correct methods of operational 

safety and to make personnel familiar with the potential hazards.  

       

     The design of Medical Cyclotron room should incorporate safe cable routing, segregation of power 

and signal cables and provision of barriers to prevent fire. Fire-propagating material should not be in the 

vicinity of electrical joints. The medical cyclotron shall be housed in a room with adequate shielding.  

Access control and adequate isolation needed for radiation areas and electrical high voltage areas. Prior to 

the Preliminary Safety Analysis Report (PSAR) submission the Regulatory Body has to be approved     

the design of the medical cyclotron and its associated facilities. The authorization for construction is 

approved after reviewing of the PSAR of the installation. The Regulatory Body may inspect the facility 

while under construction to confirm whether the construction is as permitted design or not. Reports on 

Quality Assurance (QA) during construction and installation must be submitted by the licensee to the 

Regulatory Body. Installation of equipment and preparatory tests on different systems are to be carried 

out in a phased manner as per the checkpoints. The principles of optimization of protection and the type 

of work to be done and the radionuclides intended to be used, should be considered in the shielding 

design. [14]  
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3. Principle of Shielding Calculations  

  

   The major purpose of an optimally designed shielding is to reduce the neutron and the related gamma 

dose equivalent rates at the points importance to the suitable level as recommended by the legal authority 

[15, 16]. The lateral thickness of the shielding configuration shown in Figure 1 was calculated by 

modifying the experimental method given in the literature [17].  

 

 
Figure 1: Diagram showing the principle of lateral shielding design 

 

     The dose rate Dp at the point of interest P from the neutrons produced by the proton bombardment of 

the target T is given as [14]:  

                       

                                                          Dp = H(r/sinɸ)
-2

 exp(-1/λ sinɸ)                         (1)  

Where, 

H = Neutron dose equivalent rate (source term) at 1.0 m from the target T 

      [Svh
-l
] 

I = thickness of the shielding wall. I> l.0 m  

r = lateral distance between the target T and the point of interest P [m]  

λ = neutron attenuation length of concrete [m]  

 

The lateral shielding (ɸ = 90°) the attenuated neutron dose equivalent rate could be calculated as:  

                      

                   Dp = Hexp( -I/ λ )r
-2

                                           (2) 

 

4. Shielding Calculations       
4.1 Shielding Design Requirements 

    

   .  The main goal of radiation shielding is to reduce the dose equivalent at the location of concern outside 

the shielding [2,18]. The nature of the radiation field produced in the area of the cyclotron target 

bombarded with protons should be well known previous to the shielding calculation of the target vault 

wall [1]. The design requirements in the shielding calculation applied that: the maximum total dose 

equivalent rate at the critical shielding assessment points on the external surfaces of the shielding walls 

shall not exceed 5μSv/h [16], and the ALARA principle shall exist in all aspects of this shielding design. 

 

4.2 Wall Thickness Calculations   

 

     The optimum thickness (x) of the lateral shielding, required to decrease the transmitted neutron dose 

equivalent rate DT to a adequate low level at the point of interest is calculated by modifying the equation 

(2):                   
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The total (neutron and gamma) dose equivalent (DT) at the external surface of the thick concrete shielding 

is calculated as [15]: 

         

                   DT = Hn Iexp(-x/ (λe /ρ))(d)
-2

                                   (3) 

where,  

Hn = Neutron source term [Svh
-1

 μA
-I
 m2 ] for the thick copper target 

     = 1.4±0.17 

I = Proton beam current [μA]. 

λe = Effective attenuation length of the shielding concrete= 300 kgm
-2

 

     [19].  

ρc = Density of shielding concrete = 2380 kgm
-3 

. 

d = lateral shielding thickness [m] 

 

5. Genetic Algorithm 

       In a genetic algorithm, a population of strings called chromosomes, which have candidate solutions to 

an optimization problem, evolves toward better solutions. Solutions are represented in binary, and it can 

be also modeled in other ways. The evolution usually starts from a population of randomly generated 

individuals and happens in generations. In each generation, the fitness of every individual in the 

population is evaluated to form another population. The new population is then used in the next iteration 

of the algorithm. The algorithm terminates when either a maximum number of generations has been 

produced, or a required fitness level has been reached for the population. An acceptable solution may or 

may not have been reached, if the algorithm has been terminated due to the maximum number of 

generations. The flowchart illustrating Genetic algorithm is shown in figure 2 [20]. 

 
 

Figure 2: Flowchart of the Genetic algorithm  

5.1 Optimization Calculation 

         In this paper optimization process is applied to minimize the total cost, consists of the cost of 

shielding and the cost of radiological health detriment (risk) [5]: 
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C(i, j, k) = X(i, k)+Y(j, k)                                                                                        (4) 

Where, 

C(i, j, k) = total cost [$] 

X(i, k) = cost [$] of radiation protection  

Y(j, k) = cost [$] of radiological health detriment 

The indices “i”, “j” and “k” represent the engineering, cyclotron operational and monetary parameters 

respectively. 

The expression (4) is known as “objective function” and it could be written as: 

U(i, j, k) = ((a+x).(b+x)-ab)hs+(a+x).(b+x)l+4.92 IWp/(ab+ah+bh)  

               + 2.1αρηNTI(exp(- x/λ)/(0.5a+x)2)×104 (29)                                           (5) 

 

Where 

ρ = allowable dose equivalent/maximum dose equivalent (may vary from 0.2 to 1.0 fulfilling the ALARA 

principle [2].  

a = length of the vault [m], b = breadth of the vault [m] 

h = height of the vault [m] (not shown in Figure 1) 

 s = cost of shielding concrete = $300.00/m
3
 

 l = cost of real estate = $1000.00/m 

 α = cost of radiation protection = 400000.00[$/person.Sv] 

 η = occupancy factor for the individual shielding wall =1for workers 

 N = number of exposed people (may vary from 10 to 50) 

 T = projected life of the shielding (may vary from 20 to 50 year) 

 I= Proton beam current [μA] 400 [5] 

 

      Considering all relevant cyclotron operation factors the optimized total cost of the shielding U(i,j,k)  

and the corresponding thickness of  shielding wall (X),  were calculated [1]. The optimization of the 

objective function (equation 5) was executed by Genetic Algorithm using MATLAB toolbox. The 

important results of the optimization calculations are shown in Table 1 for radiation workers.  

 

Table1: Optimization of shielding thickness (x) and cost(C) of a medical cyclotron using GA for radiation 

workers 

Ratio between 

allowable and 

max Dose 

equivalent ρ 

 

Optimized values for 

cyclotron shielding 

cost C [$] 

 

Shielding thickness 

X [m] 

Dose [µSVh
-1

] 

0.2 2.3558*10
5
 2.6005 0.04015 

0.3 2.3792*10
5
 2.6396 0.028993 

0.4 2.3961*10
5
 2.6759 0.021432 

0.5 2.4095*10
5
 2.7042 0.016935 

0.6 2.4198*10
5
 2.7196 0.014898 

0.7 2.4296*10
5
 2.7435 0.012212 

0.8 2.4364*10
5
 2.7562 0.010988 

0.9 2.4432*10
5
 2.7722 0.009619 

1.0 2.4501*10
5
 2.7795 0.009052 

 

       Fig.3 represents the relation between the shielding thickness of the medical cyclotron and the total 

shielding cost dose as calculated from eq. (5). The results show that the dose decrease as the thickness of 
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the shielding increase and the minimum permissible dose equal 4x10
-2 

corresponding to thickness          

x= 2.779m.   

 
 

Figure 3: Relation between shielding thickness and radiation dose for workers 

      Fig.4 represents the relation between the shielding thickness of the medical cyclotron and the 

radiation dose as calculated from eq. (1). The results show that the total shielding cost decrease as the 

thickness of the shielding increase and the optimized total shielding cost is 2.46 x 10
5
 $ corresponding to 

thickness x= 2.779m.  

 

Figure4: Relation between shielding thickness and total shielding cost 

                                                                        

Conclusion 

         The main goal of an ideal radiological shielding is to provide the highest achievable radiological 

safety to radiation workers at the lowest construction, operational and radiological health injurious cost.      
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       In this paper, the main safety requirements for medical cyclotron, the ALARA principles,  

permissible dose limit for radiation workers and the main requirements for radiation shielding are 

presented. The shielding thickness and the total shielding cost optimization for medical cyclotron were 

established. The total shielding cost was acquired by the summation of the cost of shielding and the cost 

of radiological health risk and then the global minimum of the total shielding cost is obtained. The GA 

was chosen to solve the optimization models. Finally the radiation dose (µSVh
-1

) is calculated for 

radiation workers using the shielding thickness corresponding to the optimized value of the total cost. The  

results of the optimization using GA give the best value of  the total shielding cost which is 2.4501x10
5 

$ 

corresponding to  shielding thickness of 2.7795 m and a radiation dose of 9x10
-3

 µSVh
-1

  for workers.  
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