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Abstract 

The aim of this study is to characterize the neutron flux generated directly behind targets used in medical 

cyclotrons. The characterization process aims at determining the feasibility of using the generated neutrons 

for research purposes in Neutron Activation Analysis (NAA). The study was performed by activating gold 

foils placed directly behind the cyclotron targets. The thermal neutron flux was measured at 1.5E+06 ± 

5.94E+04 (neutrons. cm-2. sec-1 ). The flux value is the same order of magnitude listed in the manual 

produced by the cyclotron manufacturer. The results are encouraging and show a high potential for using 

the cyclotron facility as a thermal column for research purposes. However, it is important radiation 

protection procedures be followed to ensure the safety of researchers due to the high dose rate measured 

directly behind the target at 2.46 Sv/ h using an optically stimulated luminescence (OSL) chip during the 

beam on time.  

Keywords: Cyclotron, Characterization, Neutron Activation Analysis, PET trace, Gold foil 
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1. Introduction 

Neutrons are produced via several methods such as alpha-induced reaction, neutron-induced fission, 

spontaneous fission, and from accelerators or cyclotrons as secondary particles [1]. Cyclotrons operate 

based on the principle of accelerating charged particles that bombard a target to produce both short-lived, 

long-lived, and proton-rich radionuclides. These radionuclides are supplied to serve a variety of biological, 

environmental, medical, and industrial applications. Short-lived radionuclides are primarily used in the 

medical field for both diagnostic and therapeutic procedures in nuclear medicine, including proton 

emission tomography (PET), computed tomography (CT), and single-photon emission computed 

tomography (SPECT) [2]. The most common proton emission tomography radiopharmaceutical used in 

medical cyclotrons is [18F] fluorodeoxyglucose ([18F]FDG), which is utilized in tumor imaging and cancer 

evaluation [3]. To produce 18F, a beam of protons bombards a  target, isolated by a Havar foil, consisting 

of enriched water (H2O18). As a result of the beam interaction with the enriched water, fast neutrons are 

produced from the 18O (p, n) 18F reaction [4]. The reaction equation is described as: 

H2 
18O + p → H2 

18F + n    (1) 

In the light of recent developments in facilities housing medical cyclotrons, there have been efforts to 

characterize neutron flux and energy. The spatial neutron distribution in the vicinity of the cyclotron room 

has been modeled through Monte Carlo codes and studied experimentally by applying different methods 

such as gold foil activation (as neutron monitors) and imaging plates [5]–[10]. One of the essential factors 

in the characterization process is the induced activity of vault materials caused by neutron activation inside 

the cyclotron vault. To reduce the dose of cyclotron operators, there have been several attempts to measure 

the activity of the cement composition in the walls, ceiling, and floor of cyclotron rooms. Cyclotrons are 

designed with different setups based on customer needs. Some are delivered with a self-shield, and some 

are not. Various researches have examined the activity with and without self-shielding and proposed 

designs that keep the clearance levels within acceptable limits  [15]–[18]. 

In 2018, King Abdulaziz University launched a Molecular Imaging Company (I-ONE) established by the 

Jeddah Valley company. The facility is operated by the radiopharmaceutical division of ITEL 

Telecomunicazioni S.R.L. company in addition to local experts from Jeddah Valley. The I-ONE center is 

the only center in the western region of Saudi Arabia that can provide FDG used in the cancer diagnosis 

process. The center has a PET trace 880 cyclotron that operates in either a single or dual beam mode. The 

typical current of use is currently 60 µA, the maximum current that can be used in the dual beam 

configuration is130 µA, and the proton beam energy is equal to 16.5 MeV. Although the cyclotron can 

produce 18F using  two targets, only one target is currently  used in daily production. The targets are shown 
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in Figure 1. The I-ONE center produces 18F radioisotope (T1/2 = 109.77 min), which is used to produce the 

tracer  [18F] fluorodeoxyglucose ([18F]FDG), which can be used in the inhouse clinic or delivered to 

customers in close proximity to the center. It should be noted that the center objective is to expand and 

produce other radioactive materials that can be used outside the medical field for research and 

development [15].  

The motivation of this work is to characterize the I-ONE PETtrace cyclotron. The Department of Nuclear 

Engineering at King Abdulaziz University is interested in the Neutron Activation Analysis (NAA) 

research area. The thermal neutron flux generated by medical cyclotrons is comparable with those 

generated by research reactors at ~106-8 n. cm-2. Sec-1. With a neutron source that can provide such an 

amount of thermal flux, the need for a neutron generator is greatly reduced [16]. There are some 

restrictions around using cyclotrons for NAA such as working around the production time of the cyclotron, 

and the high dose rate inside the cyclotron room following production. These challenges dictate the type 

and number of activated elements that can be researched using medical cyclotrons. 

 

Figure 1: Demonstration of the I-ONE PET trace 880 cyclotron targets’ locations. 

 

2. Materials and Methods  

 

2.1. Cyclotron room 

The I-ONE cyclotron facility is divided into 3 rooms. These rooms, as shown in Figure 2, are the control 

room, power supply room, and cyclotron vault. The control room is where the operator sits and operates 

the cyclotron during production time. The power supply room contains many vital parts including the 

cooling system, electric power supply, power supply of the magnetic coil, radio frequency power generator 

Target# 1 

Target#4 
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and control cabinets. Given the maze is constructed with multiple angles and dog legs, the neutron flux 

emitted from the cyclotron vault is substantially reduced. The vault was constructed using cement 

following the manufacturer’s recommendations. The length, width, and height of the vault are 4 × 4 × 5 

m, respectively and the thicknesses of the walls, ceiling, and floor are 2.5 × 2.5 × 3.5 m, respectively. The 

design of the facility ensures that radiation protection principles are adhered to [17]. 

 

Figure 2: The I-ONE cyclotron facility layout including 3 rooms (control room, power supply room, and cyclotron vault. 

Also, the ten OSLs and gold foil’s position are illustrated. 

  

2.2. Dose Estimation 

The research team selected ten locations at 160 cm height from the ground to estimate the dose as 

illustrated in Figure 2. These locations are where staff may be exposed to the radiation during the 18F 

production, maintenance, target refilling, and other production-related activities that require access to the 

cyclotron facility. The locations from 5 to 9 have higher radiation exposure due to scattering. Because of 

the maze design, the long-distance from the vault and the shielding, locations 4 to 1 and 10 have lower 

radiation exposure. Optically Stimulated Luminescence (OSL) detecrors were used to measure the dose 

Power supply room Control room 

Vault 
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at those positions. At the time of dose measurement, the cyclotron irradiation time and the beam current 

were 47 minutes and 60 µAm, respectively. The experiment was designed to carry out two measurements, 

one before production, which will estimate the background radiation, and the other one during the 

production of FDG. This setup ensures that both scenarios of low and high-level radiation are accounted 

for. In each measurement, the OSLs were exposed to the radiation for one day. The OSL cards were read 

directly after they were collected at the Center for Training and Radiation Prevention in the university 

campus.  

2.3. Flux Estimation 

Foil Activation technique is widely recognized as a method to estimate the neutron flux in a variety of 

applications, including the medical field [18]–[24]. In this experiment, a pure gold foil was utilized as a 

neutron monitor. The foil (Gold foil 0.004" 3n5) was purchased from EPSIMetals® as a sheet that has a 

length, width, and thickness of 5, 2.5, and 0.01 cm, respectively [25]. The goal behind fixing the holder at 

that location is to study the spatial neutron flux distribution around target# 1 shown previously in Figure 

2. The researchers have a goal that is to design a 3D holder and base to minimize the variations in the 

measurements. The design of the 3D model allows for the examination of the neutron flux at eight 

elevations in multiple locations covering an area of 308 cm2. Figure 3 shows target#1, where a fixed 

sample holder was used to hold the gold disks in front of the target and the 3D printed holder with its 

projected location. 

  

Figure 3: (a) The proposed design of the 3D holder and the base together with (b) the projected position of the bare gold 

(yellow color) and cadmium covered gold foil (cyan color), and (c) the location where the fixed holder was placed behind 

target #1, and where the 3D holder will be placed 

 

The gold foil was shaped using a laser cutting machine to 1 cm diameter disks. The activated foil mass is 

0.1551 grams. To calculate the epithermal flux, a 1x1 cm2 cadmium sheet was used as a thermal neutron 

filter [26]. The cadmium sheet is folded on the bare gold foil allowing epithermal and fast neutrons to 

(c) (a) 
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traverse through it and the gold foil while filtering against the thermal neutrons. The measurements of 

both samples were carried out using a Canberra Broad Energy Germanium (BEGe) detector. Initially, the 

BEGe detector was calibrated for energy and efficiency using Cs-137, Co-60, and Ba-133 check sources. 

The efficiency curve was generated and then fitted to a 4th-degree polynomial function listed in equation 

2, and the efficiency curve is shown in Figure . 

  𝐸𝑓𝑓𝑖𝑐𝑖𝑛𝑐𝑦 =  𝑒(𝑎0×(𝑙𝑛(𝐸)−1)+(𝑎1×(𝑙𝑛(𝐸)0)+(𝑎2×(𝑙𝑛(𝐸)1)+(𝑎3×(𝑙𝑛(𝐸)2))               (2) 

Where E is the energy at which the efficiency is calculated in keV, and a0, a1, a2, a3 are the fitting 

coefficients. 

 

Figure 4: Generated efficiency curve using Cs-137, Co-60, Ba-133 check sources. The measured spectrum of the check 

sources is also exhibited 

 

As a result of the activation, a gamma-ray with a 411.86 keV is emitted by the following reaction 197Au 

(n, γ)198Au. The gold foil is measured for 5 consecutive days to obtain counting statistics of less than 1%. 

The efficiency and activity of the activated gold foil were calculated as well as the neutron flux. 

 

2.4. Monte Carlo Simulation using GATE  

GATE is an open-source Monte Carlo simulation toolkit that provides well-validated physics models that 

facilitate the simulation of medical physics and radiation protection applications [27]–[29]. 
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The cyclotron component dimensions and other physical specifications were obtained from the cyclotron 

user manual. Other structures in the room, such as room dimensions and shield, were measured manually.  

Since it would be difficult to simulate 60 μA of protons, the simulation was split into two stages. The first 

part starts with the emission of 2 billion protons that transverse several cyclotron components, such as the 

machine and target gold foils, before hitting the enriched water target inside a niobium key-hole shaped 

container. Neutrons and gamma-rays produced within the cyclotron structure are stored in a phase space 

file and then killed, concluding the first stage. 

In the second stage, the proton source is replaced by gamma and neutron sources. Both sources derive 

their characteristics, such as energy distribution, momentum, and emission position, from the stored 

phase-space files. 500 million particles were used in this stage. The dose was calculated for positions 4-9 

(see Figure 2) and the flux was measured in the same location as the gold foil. The fraction of particles 

penetrating the room walls are relatively low. Therefore, to calculate the dose with high statistical accuracy 

in positions 1, 2, 3, and 10, a very large number of particles is required. However, such a number of 

particles would increase the simulation time significantly and thus measuring the dose at these positions 

was avoided. 

The dose measurement was carried out using the dose actor tool in GATE. The dose information was 

collected in water volumes having the same dimensions as the OSLs used in the experiments. It was not 

necessary to use OSL as a material as the dose measured experimentally is corrected to represent dose to 

water. The flux was measured using the energy spectrum actor.  It should be noted that while the OSL 

cards were left in the cyclotron room for 24 hours, the dose collected in simulation only reflects the actual 

production time. All simulation results were rescaled to represent the doses and flux resulting from a 60 

μA proton beam. 

The physics package “QGSP_BIC_HP” was used as it provides high precision neutron models and 

accurate physics models for protons and gamma [30]. 

 

3. Results and Discussion 

The differences between the dose measured before and after irradiation and those deteremined from 

simulation are highlighted in Table 1. Closer inspection of Table 1 shows that OSLs 1 to 3 and 10 after 

irradiation have measured dose rates less than 1 mSv/hour. Although the access to control room 2 is not 

permitted during irradiation, both control rooms have low dose rates compared to other locations in the 
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cyclotron room. The values of the dose rate increase significantly after irradiation. The measured dose 

after irradiation was divided by the irradiation time. 

Table 1: OSL experimental and simulation dose measurements 

OSL Number 
Dose Rate (µSv/hour) 

Before Irradiation After Irradiation Simulation Simulation Uncertainty 

1 4.62 58.60 - - 

2 4.29 79.53 - - 

3 5.76 158.04 - - 

4 4.57 1.69 E+03 1.15E+04 13% 

5 4.59 4.07 E+04 1.26E+05 4.5% 

6 3.77 5.51 E+05 5.47E+05 2.0% 

7 3.82 8.58 E+04 5.23E+05 2.2% 

8 5.59 9.71 E+04 9.40E+04 5.2% 

9 4.19 2.46 E+06 3.38E+06 0.9% 

10 4.10 61.91 - - 

The data show OSL locations 1-4  and 10, which are the furthest from the cyclotron target, register the 

lowest dose after irradiation compared to the rest of the cards. On the other hand, OSL cards 5-9 close to 

the cyclotron vault register a sharp increase in dose rate. The OSL 7 and 8 dose rates, respectively, were 

1 to 2 orders of magnitude less than OSL 6 and 9. This is due to the shielding in front of the target which 

reduces a significant amount of radiation to reach OSL 7, as well as the long-distance (around 2.5 m) 

between the target and OSL 8. Even though the level of doses increased when the irradiation process 

started, the dose rate inside the two control rooms (OSL 1 and 10) have acceptable and safe dose rates.  

The simulated dose rate exhibited an acceptable agreement with the measured dose rate, as illustrated in 

Figure 3. The simulation was only performed for the vault setup, the whole irradiation facility was not 

considered in the simulation. Also, the cyclotron body’s materials was not acounted for during the 

simulation. This approach was preferred to reduce simulation time. Subsequently, OSL 4, 5 (behind the 

body of the cyclotron) and 7 (behind the shield) measured dose values were less than the simulated values 

by an order of magnitude. OSLs 6, 8 amd 9 had the same order of magnitude as the simulation and almost 

equal to measured dose values.  
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Figure 3: Dose rate trend inside the I-ONE irradiation facility for OSLs 4 to 9 

 

In Error! Reference source not found. part (c), the bare gold foil was placed in a fixed holder at 20 cm 

in both z and y-axis from the target, which was recommended by the cyclotron manufacturer. The 

cyclotron facility was not characterized before; therefore, these distances were selected as a precautionary 

measure to avoid hindering the production process. At the same time, the 3D model should fully map the 

neutron flux around the target has started. 

The bare gold foil was irradiated for 47 minutes and left at the vault for approximately 24 hours waiting 

for the radioactivity  to decrease to a safe level to enter the vault. Due to the relatively long waiting time 

after irradiation, samples that undergo activation must have half-lives more than one day to attain 

acceptable counting results. The activated gold foil was counted using the Canberra BEGe detector at the 

Center for Training and Radiation Prevention. The efficiency of the detector is energy-dependent and 
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crucial in flux estimation. At an energy of 411.8 keV, the activated bare gold (198Au) net area, efficiency, 

and activity were found to be 14.662 counts per second, 0.02%, and 2.0E-02 ± 7.95E-04 uCi, respectively.  

The fixed holder that held the gold foil is perpendicular to target#1. The neutron flux at that location was 

found to be 1.5E+06 ± 5.94E+04 neutrons. cm-2. sec-1. Also, the simulated results using the same set up 

showed an excellent agreement with a flux of 5.5E+06 neutrons. cm-2. sec-1. Neutron and gamma spectra 

generated by the simulation are shown in Figure 4 and Figure 5. Table 2 compares thermal flux from this 

work to other studies carried out at other facilities.  

 

 

 

Figure 4: Simulated Neutron spectrum at the fixed sample holder where the gold foil is being activated 
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Figure 5: Simulated Gamma spectrum at the fixed sample holder where the gold foil is being activated 

 

Table 2: Comparison between different cyclotron facilities [16] 

 Type  
Self-

shield 

Proton 

Energy 

(MeV) 

Beam 

Current (uA) 

Thermal 

Neutron 

Flux 

(n/cm2.sec) 

Neutron 

Dose Rate 

(µSv/h) 

This work PETtrace x 16.5 60 1.5E+06 2.46 E+05 

Toshioh et al. PETtrace Yes 16.5 40 1.00E+02  

Sakama et al. HM-12S Yes 12 35 <1.00E+2  

Hertel et al. RDS Yes 11 - 5.00E+01  

Lin et al. 
RDS-

111 
Yes 11 80 7.70E+02  

Pant et al. Ecripse Yes 11 35 - 14.2 

Ogata et al. HM-18 x 18 20 10(5-6)  

Fujibuchi et al. HM-18 x 18 20 10(5-6)  

Fernandez et al. Cyclon x 18 30 1.00E+07  

Mendez et al. Cyclon x 18 30 10(5-6)  

Sheu et al. PETtrace x 16.5 75 - 5.48E+05 

  

 

 

 

4. Conclusion 
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The neutron flux behind target 1 of the PET trace 880 cyclotron at the I-ONE facility at King Abdulaziz 

University was measured using activated gold foils. The generated flux was measured to be 1.5E+06 

± 5.94E+04 neutrons. cm-2. sec-1 , which is the same order of magnitude listed by the cyclotron 

manufacturer. In addition to that, the flux was simulated using GATE Monte-Carlo simulation tool kit 

producing the same flux order of magnitude as the measurements. The distribution of flux behind 

targets 1, and 2 will be further studied to generate a map for the flux value and flux uniformity behind 

the targets so that the area behind the targets can be used as a thermal coloumn for NAA research.   
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