
 

2020 Annual Nuclear Safety Seminar (SKN) 
ISSN: 1412-3258 © 2020 BAPETEN – FMIPA UI 

 138 
 

Measurement of Gamma and Neutron Ambient Dose on 
The Outer Wall of the 18 Mev Cyclotron Shielding 

B.Y. E. B. Jumpeno1*), R. Tursinah2), Nazaroh1), I. Taufiq1), R. A. Tuloh3) 

1)Center for Technology of Radiation Safety and Metrology, National Nuclear Energy Agency, Jl.Lebak Bulus 
Raya No.49 Jakarta, Indonesia 

2) Center for Applied Nuclear Science and Technology, National Nuclear Energy Agency,  Jl. Taman Sari No. 71 
Kota Bandung, Indonesia 

3) Muchtar Ryadi Comprenensive Cancer Center Siloam Hospital Semanggi, Jl. Garnisun No. 2-3, Jakarta, 
Indonesia 

 
1*)Corresponding author:  jumpeno@batan.go.id 

Abstract. In the last decade positron emission tomography (PET) has been widely used for imaging organ function. 
In a cyclotron, accelerated proton interaction with the target or the component material produces neutron and gamma 
radiation. The use of cyclotrons for medical purposes is necessary to monitor the exposure to neutron and gamma 
radiation. In this study, measurement of gamma dose, neutron dose   and its spectrum were carried out on the outer 
wall of the 18 MeV cyclotron PET radiation shielding. Gamma dose measurements were performed using four 
environmental OSL dosimeters. The dosimeters are wrapped in aluminum foil to prevent the Al2O3:C element from 
being exposed to light and mounted on the outside of the entry bunker wall, power supply wall, and general store wall 
of cyclotron shielding 18 MeV IBA MRCCC, Siloam. Measurement of  neutron is done using a BSS device mounted 
on the measurement position of the outer wall of the bunker entry and the outside wall of the general store. The highest 
dose of gamma obtained in the outer position of the shielding was (367 ± 10.6%) µSv/3 months. The result confirmed  
that the thickness of the 220 cm concrete shielding  construction is capable of absorbing the generated gamma 
radiation. The result  of neutron calculations show that the largest ambient dose rate comes from fast neutron in the 
outside position of the wall of the bunker entry was (0.475 ± 12%) µSv/h, while  in the outside position of the general 
store wall was (0.331 ± 12%) μSv/h. The epithermal and thermal neutron of ambient dose rate, however were very 
small. 
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INTRODUCTION 

The use of nuclear technology in the health sector has been increasing rapidly. During the last few decades, 
PET (positron emission tomography) has become a widely used functional imaging technique (Mendez el.al. 
2005). A cyclotron is an accelerator machine that accelerates particles in a circle so that high kinetic energy is 
obtained. These particles can be either protons or deutrons. PET cyclotron can be self-shielded or unshielded and 
in the latter case, the cyclotron is installed inside a concrete vault room to prevent workers from receiving a dose 
from neutron (Mendez et.al. 2005, Mendez et.al. 2004, Hertel et.al. 2004). 

Cyclone 18/9 is a type of cyclotron produced by Ion Beam Applications (IBA), Belgium which is a negative 
ion accelerator which can respectively accelerate hydrogen and deuterium ions to energy of 18 MeV and 9 MeV. 
Negative ions are extracted using a foil stripper so that electrons from negative hydrogen ions or electrons from 
accelerated negative deuterium ions will be released to form protons or deuterons which are then fired into the 
target material. The ion beam current that can be achieved on the Cyclone 18/9 foil stripper is 80 µA for protons 
and 35 µA for deuterons respectively (Kusuma et.al. 2012, IBA. 2009, Suryanto. 2005). The cyclotron owned by 
Muchtar Ryadi Comprenensive Cancer Center Siloam (MRCCC Siloam) is Cyclone 18/9, but when this research 
was carried out,  the cyclotron has been upgraded into  negative ion accelerator so that both of them generate 18 
MeV protons to produce 18F.  

In a cyclotron, accelerated charge particles interaction with a target or  materials of the component produces 
x-ray, gamma, and neutron (Vega-Carrillo, et.al. 2006). Exposure of neutron and gamma due to cyclotron 
operation will increase the risk of radiation hazard to patients and the public (Mukherjee, 2004). Gamma and 
neutron radiation must be controlled to protect workers as well as the public from emerging radiation hazards. 
Radiation measurement should be carried out as a part of radiation protection monitoring program. 

Refering to the provision in  the Chairman of BAPETEN (Indonesian Nuclear Regulatory Body) Regulation 
No. 4 of 2013 Article 25 point b concerning the obligation of the Permit Holder to carry out radiation monitoring, 
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the level and type of radiation outside the cyclotron radiation shielding have to be measured and be known  its 
dose because it is related to the safety to workers who are in the radiation field. There are two types of radiation 
produced in the operation of the cyclotron, namely gamma and neutron radiation 

In this study, measurement of gamma dose, neutron dose and its spectrum were carried out on the outer walls 
of the 18 MeV cyclotron radiation shielding. The expected results in this study were the ambient dose of gamma 
and neutron and also the neutron spectrum on the outer wall of the cyclotron radiation shielding when it is 
operated. The measurements  of gamma and neutron dose will be compared with the measurements in the 18 MeV 
Cyclone IBA cyclotron with 2 metres thick shielding in other places, namely in IPEN, Brazil (Silva, et.al. 2011) 
and AUBMC, Lebanon (Al-Kattar, et. al. 2015). 

MATERIALS AND METHODS 

Materials 

Dosimeter OSL 

Dosimeter OSL is a dosimeter that utilizing light to stimulate dose information stored in dosimeter material. 
OSL dosimeter which is made from Al2O3:C is able to detect  photon and beta. To detect neutrons, Al2O3:C is 
coated with 6Li2CO3. Compared with TL dosimeter, these dosimeter is more sensitive to low dose, simpler, high 
precision and accuracy, fast reading process, dose information stored in dosimeters can be read again, and dose 
can be accumulated against previous dose (Musa et.al. 2017, Mckeever et.al. 2003). An environmental OSL 
dosimeter produced by Landauer has 4 elements Al2O3:C as shown in FIGURE 1. 
 

 
 

FIGURE 1. InLight environmental dosimeter 
 

Dose information is able to be read by a microStar reader that is designed to be operated manually. MicroStar 
reader can be used to read dose in the laboratory and in the field.  

Bonner sphere spectrometer  

Bonner sphere spectrometer (BSS) is a neutron detector mounted in the center of a neutron moderating 
polyethylene sphere of various diameters. From the measurements, information can be derived to the spectrum of 
the neutron field where measurements were carried out  (Tursinah et.al. 2017, Rodrigues et.al. 2014). A Bonner 
sphere spectrometer (BSS) is used in radiation protection measurement because of its wide energy range (thermal 
to tens MeV) and its easy operation (Tursinah et.al. 2017, Ogata et.al. 2011). In this study, BSS was used with a 
6LiI(Eu) detector which had 7 balls of polyethylene with diameters of 0, 2", 3", 5", 8", 10" and 12" respectively. 
The Bonner sphere spectrometer is shown in FIGURE 2. 
 

 
FIGURE 2. Bonner sphere spectrometer at Neutron Laboratory of  National Nuclear Energy Agency (NNEA) 
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UMG 3.3 Program 

The UMG 3.3 program is an unfolding program issued by the German Physikalisch Technische Bundesanstalt 
(PTB) in 2004 (Reginato. 2004). With UMG program 3.3, BSS count rate values without moderator, moderated 
by 2", 3", 5", 8", 10 "and 12" can be converted to spectrum and the dose rate is calculated.  The dose and spectrum 
of neutron is  obtained from the  BSS measurements which were unfolded using the Unfolding  Maxed and Gravel 
(UMG) program. To run the UMG program, several inputs are required which are BSS count rates, BSS matrix 
responses, and reference spectrums. Matrix responses for BSS with LiI(Eu) detector have been calculated using 
the MCNPX program by Rasito  et al (Tursinah et al.  2017) 

Methods 

Gamma Measurement 

Four environmental OSL dosimeters were prepared to measures gamma doses. Three dosimeters are used to 
measure ambient dose of gamma, while one dosimeter is the control. All dosimeters were annealed and their 
reading was confirmed to be zero. All dosimeters were wrapped in aluminum foil to prevent Al2O3:C element 
from being exposed to light. Each dosimeter is labeled and placed in a plastic pocket and mounted on three points 
of  the outer wall of 18 MeV IBA Cyclotron shielding,  namely the bunker entry wall, the power supply wall, and 
the general store wall. The first two points are those which are close to the target chamber. The measurement 
points are shown in FIGURE 3. 
 

 
FIGURE 3. Points of gamma measurement are bunker entry wall (1), power supply wall (2), and general store wall (3). 

 
After three months, dosimeters are taken and ambient dose is read using microStar reader. 

Neutron Measurement  

BSS and 6 balls of polyethylene diameter of 2", 3", 5", 8", 10" and 12" with their supporting accessories are 
prepared. BSS device and its balls are installed on the outer wall of bunker entry and general store. It was 
determined that neutron counts for each counting is twenty five counts to adjust the cyclotron operating time per 
cycle. Neutron measurement  begin with polyethylene balls  of 12", 10", 8 ", 5", 3", 2" and 0 (bare). 

The counting value and its time are used as input to calculate ambient dose rate and to determine neutron 
spectrum using UMG 3.3 program. 

RESULTS AND DISCUSSION 

Gamma Ambient Dose 

Gamma ambient dose on the outer wall of the cyclotron shielding is shown in TABLE 1. 
 
Gamma ambient dose which was detected on the general store wall is predicted to originate from 18F exposure 

when 18F  was transferred from the cyclotron target chamber to the FDG Hot Lab. When 18F is transferred from 
the target chamber to the FDG Hot Lab, it was passed in the path outside of the shielding which is not as thick as 
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the shielding near the general store wall. Although only in the order of second, high gamma radiation of 18F is 
captured by an OSL dosimeter mounted on a general store measurement point. Comparing the measured ambient 
dose on the outer wall of the general store, the bunker entry and the power supplyl, it can be suggested that the 
ambient dose of gamma exposure due to the operation of the    18 MeV cyclotron was not detected.  Concrete 
shielding wall is able to withstand gamma radiation emitted by cyclotron. 
 

TABLE 1. Gamma ambient dose on the 18 MeV cyclotron shielding at MRCCC Siloam 

No. Dose H * (10) 
(µSv/3 months) Location 

1 ND Bunker Entry Wall 
2 ND Power Supply Room Wall 

3 367 ± 10.6 % General Store  Room Wall 

Note: ND = not detected 
 
With a thickness of  220 cm concrete shielding construction, gamma radiation produced can be absorbed by 

the shielding. Previously Silva et.al. (2011) measured gamma ambient dose rate at similar location of the Cyclone-
18 MeV shielding wall using Geiger Muller Automes 6150 AD5 in 2010 and 2011.  In this measurement, it was 
obtained the average gamma dose rate of (0.72 ± 0.24) �Sv/h and  (0.63 ± 0.16) �Sv/h at cave access door. Silva 
et al. detect  gamma radiation at the similar point  to the point measurement at Cyclotron 18 MeV (Cyclone 18), 
MRCCC. Different measuring device gives different dose response where the Geiger Muller Automes 6150 
provides a greater dose response. The transfer path of 18F  from target chamber to FDG Hot Lab might not be 
protected with adequate shielding and not far from the meaurement point. It can contribute to the dose. Meanwhile, 
the design of the 18F transfer line on the cyclotron 18 MeV at the MRCCC is far from the area of the bunker entry 
wall and the power suppy room wall. 

Neutron Ambient Dose Rate 

 Calculation result using UMG 3.3 program against neutron measurement data can be shown in TABLE 2. 
 

TABLE 2. Ambient dose rate of neutron on the 18 MeV  cyclotron shielding, MRCCC Siloam 

No. 

Dose H*(10) of Neutron 
(�Sv/h) 

Location 
Fast Epithermal Thermal 

1 0.475± 
12% 0.002± 23% 0.009 ±12% Bunker Entry 

Wall 

2 0.331± 
12% 0.002± 16% 0.013 ± 9% General Store 

Room Wall 
 

The table shows that the largest ambient dose rate comes from fast neutron as of (0.475 ± 12%) �Sv/h  and  
(0.331 ± 12%) �Sv/h on the outside wall of the bunker entry and the general store respectively. Meanwhile, 
ambient dose rate of thermal and epithermal neutron is relatively small.  The ambient dose rate indicate that there 
are neutron leaks to outside of  the concrete shielding although the value is very small. Silva et.al. measured 
neutron to outside of the Cylone18 MeV wall using Ludlum Model 15 at the similar points. In 2010, it was 
obtained  neutron average dose rate of (3.6 ± 1.2) µSv/h on the cave access door. Meanwhile, in 2011, the ambient 
dose rate was (2.6 ± 1.3) µSv/h same point measurement. Measurement by Silva et.al. shows a greater total 
ambient dose rate compared to measurements in the similar measurement point on the outer walls of the 18 MeV 
cyclotron shielding by using a bonner sphere spectrometer. It shows that a different measuring device responds to 
different ambient dose rate as stated by Kashougi et al. (2015). However, neutron measurements using a bonner 
sphere spectrometer have the advantage of being able to measure  fast neutron, eipithermal neutron, and thermal 
neutron,  and also their energy spectrum. 

Gamma and neutron dose rate is affected by energy and beam current of the cyclotron particles, material and 
thickness of the shielding, and also type of the target. In safety perspective,  protons with energy of 18 MeV that 
produce  neutron dose rate of 0.475 µSv/h on the outer wall of the concrete shielding with more than 2 meters are 
acceptable. When compared with the simulation and measurement in other place, the result is not much different. 
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Total neutron and gamma dose rate at the Cyclone 18 MeV with beam current of 100 µA with 2 meters of concrete 
shielding was 0.47 µSv/h (Al Kattar, et.al. 2015). 

Neutron spectrum calculated using UMG 3.3 program can be seen in FIGURE 4 and FIGURE 5. 
 

 
FIGURE 4. Neutron spectrum on the bunker entry wall of 18 MeV cyclotron shielding MRCCC Siloam 

 
Referring to the neutron classification based on its energy, the dominant neutron flux is energy > 1x10-2 MeV 

(fast neutrons) and it was followed by < 5x10-7 MeV (thermal neutron). 
 

 
FIGURE 5. Neutron spectrum on the general store wall of 18 MeV cyclotron shielding MRCCC Siloam 

CONCLUSION  

Measurement of gamma ambient dose on the outside of the 18 MeV IBA cyclotron shielding wall at MRCCC 
Siloam provides an illustration that gamma radiation originating from cyclotron operation can be absorbed by   
220 cm thick concrete shielding. The ambient dose of gamma which was detected on the outer wall of the general 
store is thought to originate from 18F exposure when 18F transferred from the cyclotron target chamber to the FDG 
Hot Lab. Measurement using other type of gamma radiation measuring device  provides  a different response. The 
type of gamma measuring device and the 18F transfer line to the FDG Hot Lab that is not adequately shielded can 
cause a greater ambient dose response. 

Neutron ambient dose rate which was detected  on  the outer shielding  wall of the bunker entry and the general 
store indicates presence of neutron leak which is dominated by fast neutron. Meanwhile, ambient dose rate of 
thermal and epithermal neutron is relatively very small. Calculation using  UMG 3.3 program generates a neutron 
spectrum and total average  ambient dose rate < 0.5 �Sv/h. A different neutron measuring device responds to 
different ambient dose rate,  however  the bonner sphere spectrometer  has the advantage of being able to measure 
fast neutron, eipithermal neutron, thermal neutron and their energy spectrum. 
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