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    The production of medical isotope 18F for Positron Emission Tomography using the irradiation 

of an enriched water target by proton beam from isochronous cyclotrons is the standard approach 

in radiopharmaceutical industry. The question of increasing the efficiency for the production of 
18F is critical for cyclotrons. The novel concept of using a cyclotron and a post-acceleration of the 

beam for additional irradiation of 18O water targets is considered in this presentation. The main 

advantage of this concept is to maximize the use of the proton beams for nuclear reactions, which 

increases the yield of 18F. The physical analysis of this system is given. The comparison of the 

proposed system with the standard system is discussed. 
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1. Introduction 

   Positron Emission Tomography (PET) is an imaging functional technique for nuclear 

medicine that produces a 3-dimensional image of the human body processes [1].  This 

approach is based on the detection of pairs of gamma rays indirectly emitted by a 

positron-emitting radionuclide that is introduced through the body on a biologically 

active molecule.  This positron emitting isotope 18F is produced using a cyclotron. The 
18F is paired with a glucose analog to form fluorodeoxyglucose (18F-FDG), which is 

injected into patient’s body and the PET scan provides the required information for the 

doctor to properly diagnose and treat the patient [2].  

   The production of medical isotope 18F is based on the nuclear reaction of the proton 

beam with oxygen in enriched water [3]. The isochronous cyclotrons are used for these 

goals [4, 5]. The comparison of two types of accelerators shows that isochronous 

cyclotrons found large application for this technology.  The radioactive yield of medical 

isotopes is the main parameter which characterizes the production efficiency. Increasing 

the production efficiency and overall yield of the cyclotron is demanded from many 

users of these high output PET isotope distributers. Thus, the search of novel approaches 

for increasing this production efficiency for medical isotope production is of great 

interest to these commercial providers.  

   The novel   approach for production of medical isotopes is based on the combined 

proton accelerator system is presented in this paper. 

 

2. Current system for production of 18F medical isotopes at Siemens 

 
The Siemens cyclotron system for production of 18F medical isotopes is presented in 

Figure1 [6]. The system includes the following main sub-systems: 

1. Isochronous cyclotron accelerator of negative hydrogen ions. 

2. The system for converting of negative hydrogen ions to protons and the output of 

the proton beam from the vacuum chamber to the external target. 

3. Target system. 

4. The delivered system of irradiated enriched water with 18F to radiochemistry units 

for preparation of the radioactive biomarker. 

 



P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
I
)
0
1
1

Accelerators system for production of medical isotopes 18F for PET                      Sergey Korenev 

 

3 
 

   

Figure 1. The structure of system for production of 18F at Siemens. 

 

The main parameters of Eclipse cyclotrons are following [6]: 

 Kinetic energy is 11 MeV. 

 Beam current is 120A (2x60A for dual beams). 

    The description of isochronous cyclotron is provided in the literature [7, 8].  The 

picture of the Eclipse Cyclotron is shown below in Figure 2. The beam size in cross 

section is given in Figure 3. The waveforms of beam current from the current integrator 

are shown in Figure 4. 

   The current yield of the Eclipse cyclotron is 7 Curies of 18F output in 120 minutes [6]. 

 

   The goal of increasing this yield of 18F leads to the search for new approaches and 

concepts. 
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Figure 2. The picture of Eclipse cyclotron. 
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Figure 3. Autograph of proton beam from Eclipse cyclotron. 
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Figure 4. Example of beam current waveforms for beam lines 1 and 2. 

  

 3. Physical processes in irradiated target 

 
The two physical processes are in the irradiated enriched water: 

1. Ionization of the enriched water by proton beam (Figure 5a). 

2. Nuclear reaction of protons with oxygen (Figure 5b). 
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Figure 5. The physical processes in the irradiated water. 
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   The ionization of enriched water determines ionization losses and the decreasing of 

kinetic energy of protons see Figure 5a.  The Bragg peak is the threshold kinetic energy 

for starting the nuclear reaction (EThr).  The nuclear reaction is shown in Figure 6. 
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Figure 6. The nuclear reaction for the production of 18F. 

 

 

 
Analysis of physical processes in the target shows next: 

1. Brag peak in the ionization processes leads to high dissipation of energy in the 

water that determines the high heating of water and components of the target 

with processes of increasing pressure and bulb forming in water. 

2. Efficiency for production of isotope 18F depends on the kinetic energy of 

protons. 

3. Relative low efficiency for the production of 18F from the partial use of the 

proton beam. 

 

This analysis opens the potential ways for new concepts of increasing the efficiency for 

production of 18F. One concept for increasing the production of 18F is considered below.  

 

4. Novel concept of accelerator system for production of 18F medical isotope 

    The novel concept of accelerator system for production of 18F medical isotopes is 

based on the following innovations: 

1. An accelerator system based on the cycling of a single proton beam through 

multiple targets. 

2. The irradiation of the target by protons with high kinetic energy threshold for 

nuclear reactions. 

3. The separation of proton beams for the irradiation of an enriched water (target) 

with a partial target. 

4. Post-acceleration of the proton beam after the initial cyclotron external target. 



P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
I
)
0
1
1

Accelerators system for production of medical isotopes 18F for PET                      Sergey Korenev 

 

7 
 

5. Accelerator system based on the cyclotron as an injector to the target and linear 

post-accelerators with bending magnets. 

 This concept is explained in Figure 7, where the selected level of the proton kinetic 

energy beams after water target. The primary kinetic energy is 11 MeV, taken from the 

Siemens Eclipse Cyclotron.  But this concept of the accelerator system is acceptable for 

any PET cyclotron. 

The technical solution of this novel concept is given in Figure 8. 

 

Figure 7. The physical processes in the target under proton irradiation. 
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Figure 8. The technical solution of novel concept for production of medical isotopes. 
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   The example of this technical solution for accelerator system with a single beam from 

the cyclotron is presented in Figure 9. The analysis of the beam losses is given in Figure 

10. Decreasing of the beam current after the target is compensated by the increasing 

kinetic energy of the protons. The dependence of the yield of 18F on the kinetic energy of 

the protons (Figure 11) from [3] allows for this compensation.  
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Figure 9. The example of technical solution with single beam from cyclotron. 
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Figure 10. The distribution beam parameters after cyclotron. 
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Figure 11. The dependence of yield of 18F on kinetic energy of protons. 

 

   The first consideration for the partial target was the selection of the kinetic energy for 

the separation of chemical processes in the purification of lubricants and oil [9]. This 

paper is the development of this concept for proton beams. The concept of the partial 

target contains the target with the enriched water.  This target has a smaller thickness in 

comparison to the standard water target (see Figure 12).  

Proton beam

Foil FoilWater target

h
 

Figure 12. The concept of partial target. 
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   The computer simulation on the SRIM program [10] for ionization of water by the 

proton beam with an injected kinetic energy of 11 MeV showed the low ionization losses 

in water (see Figure 13). 

   The proton beam after the partial target injects to the linear accelerator for post 

acceleration. The reasonable kinetic energy after the partial target is 6 MeV. The beam 

after the partial target has an increase of emittance and in the diameter of proton beam. 

According simulation the diameter of beam will increase from 10 mm to 15-20 mm. The 

example of the trajectories of the 11 MeV proton beam injected into the water and 6 

MeV after it is injected into air according to the SRIM program is shown in Figure 14.    

 

 

Figure 13. The simulation of ionization of the partial target from water 

and the two havar foils. 
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Figure 14. The simulation of trajectories of proton beam with 11 MeV 

injected to water and 6 MeV proton beam in air. 

 

    The 3 structures for linear accelerators [11, 12] can potentially be used in the 

proposed concept:   

1. High voltage accelerating structure. 

2. Room temperature radiofrequency resonator structure. 

3. Superconducting radiofrequency resonator structure. 

    The main criteria, which determines the length of accelerating structure is the gradient 

of the electrical field for the acceleration of protons. The more effective approach is the 

use of a radiofrequency superconducting structure with a gradient of electrical field 

about ~25-33 MV/m [13]. It is necessary to point out that the variant of the racetrack 

FFAG accelerator for high energy was discussed in [14] at the XX International 

Cyclotron Conference in Vancouver in 2013. The question of the type of the linear 

accelerator and the efficiency of the acceleration is complex and will be considered in 

future work. 

  The bending magnet presents standard magnet with radius determines magnetic field, 

see Figure 15. 
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Figure 15. Dependence of radius of banding magnet on magnetic field. 

 

   The preliminary consideration of physical aspects for the novel concept shows that this 

concept allows for the increasing of the total yield of radioactive isotope.  

 

5.  Variants of accelerator system 

 

   The two variants of accelerator structures can be used for the production of medical 

isotopes. The first variant addresses single beam acceleration from the cyclotron (Figure 

16). The second variant uses dual beam acceleration (Figure 17).  

   The main parameters of proposed systems are the following: 

1. Kinetic energy of proton beam from cyclotron is 11 MeV. 

2. Proton beam current from cyclotron is 60 A for single beam and  A for 

dual beam. 

3. Kinetic energy of the proton beam after targets is 5-6 MeV. 

4. Kinetic energy from accelerating structure (linac) is 13-18 MeV. 

5. Total number of target is 3 for single beam and 6 for dual beam. 

6. Total yield from 3 targets for single beam is 6 Ci/Hr and 12Ci/Hr for dual beam.  
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Figure 16. The accelerator system with single beam from cyclotron. 
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Figure 17. The accelerator system with double beam from cyclotron. 

 

 

 

6. Comparison of current and proposed accelerator systems 

    The comparison of these systems is based on the two main parameters: beam 

efficiency and average activity of the radioactive isotope 18F. The current and the 

proposed systems are shown in Figure 18. 
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Figure 18. The comparison of current and proposed accelerator 

systems for production of 18F. 

     

The use of partial enriched water targets allows for the following physical process: 

1. Ionization of water. 

2. Nuclear reactions. 

   The absence of the Bragg peak allows for the decrease in the dissipation of energy in 

water, which leads to the low thermal loads.  The nuclear reactions will be more 

effective for all beam propagated in the enriched water. This results in an increase (95-

98%) in the efficiency of the use of the proton beam for the production of medical 

isotopes. The current system only allows for maximum 50% of beam for the same goals.  

   The factor of increasing of yield of radioactive isotope 18F is 3 for single beam and 6 

for dual beam.  These factors correspond to the same accelerating structures. The 

variation of kinetic energy from each accelerating structure allows for the regulation of 
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the yield of the radioactive isotope 18F.  These comparisons allow for physical 

advantages of the proposed novel acceleration system. The economical questions are not 

considered in this paper.  

 

7.  Conclusions 

 

1. The new concept of this accelerator system allows for a significant increase in the 

yield of radioactive isotope 18F provided the use of the existing Eclipse cyclotron. 

2. The detailed physical analysis of each sub-system for the accelerator system is 

required 

 

 Acknowledgements 

 

   Author wants to say thank you for useful discussion of this concept to Dr. V. 

Yakovlev, Dr. R. Kephart (FNAL), Prof. A. I. Malakhov (JINR), Prof. N.P. Sobenin 

(MEPHI), and for help in work from my colleagues at Siemens:  J. Hinderer, N. Hart, R. 

Beeler, Dr. A. Smirnov and others. 

 

References 

1. Bailey, D.L; D.W. Townsend, P.E. Valk, M.N. Maisey, Positron Emission 

Tomography: Basis Science, Springer-Verlag, Secaucus, NJ 2005. 

2. Medical Imaging: Principles and Practices, Edited by M. Analoui, J. D. Bronzino, D. 

R. Peterson, CRC Press, 2013. 

3. Directory of Cyclotrons used for Radionuclide Production in Member States 2006 

Update, IAE Technical Report IAEA-DCRP/2006, Vienna 2009.  

4.  A.I. Papash, Yu.G. Alenitcki, Commercial Cyclotrons. Part 1.  Commercial 

cyclotrons in energy range 10-30 MeV for isotope production, Physics of Elementary 

Particles and Atomic Nuclei, V.39, pp. 1150-1214, JINR 2008. 

5. Report of IAEA Cyclotron Produced Radionuclides: Guidance on Facility Design 

and Production of O[18F] FLUORODEOXYGLUCOSE (FDG), Pub. 1515, Vienna 

2012. 

6. http://www.siemens.com/mi 

7. J. Livingood, Principles of cyclic particle accelerators, Van Nostrand, NJ 1961. 

8.  A.A. Kolomenski,  Physical principle of methods for accelerating particles, Moscow 

State University Press, Moscow 2008.  

http://www.siemens.com/mi


P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
I
)
0
1
1

Accelerators system for production of medical isotopes 18F for PET                      Sergey Korenev 

 

17 
 

9.  S. Korenev, R. Johnson, Electron Accelerator for Cleaning of Flue Gases and Oil 

Liquefaction, European Accelerator Conference EPAC2008, pp. 1948-1950, Italy 2008.  

10. F. Ziegler, SRIM-2003,  Nuclear Instruments and Methods in Physics Research 

B219-220, 2004. 

11.  S.Y. Lee, Accelerator Physics, World Scientific, 1999. 

12. Handbook of Accelerator Physics and Engineering, Edited by A.W. Chao, M. 

Tigner, World Scientific, 1999 

13.  I. Gonin, M. Champion, T. Khabiboulline, A. Lunin, N. Perunov, N. Solyak, V. 

Yakovlev,  Single  Spoke Cavities For Low-Energy Part Of CW LINAC of PROJECT 

X”, FERMILAB-CONF-10-423-TD,  FNAL 2012. 

14. C. Jonstone, M. Bers, K.Makine, P. Snopok, A Compact, GEV, High-Intensity (CW) 

Racetrack FFAF,  Proc. of XX International Conference on cyclotrons, pp. 73-75, 

Vancouver 2013. 


