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Abstract – Radioisotopes are one of the essential cornerstones of modern medicine. They may be used for both diagnostic and therapeutic purposes. Here we present a description of a compact high field superconducting magnet used for a 30 MeV cyclotron with a magnetic field 2 times higher than conventional H- cyclotrons developed recently. This magnet will be a modern, state of the art design, which, because of the higher magnetic field, smaller, lower maintenance, lighter weight and lower power consumption than any other magnet available. The purpose of this design to help cyclotron to provide a sustainable supply of the critical Imaging Isotope F-18 and N13, to eliminate the need for supply from other production facilities for small centers. This paper mainly focuses on the simulation results of the Magnet proposed for our project as the Magnet design is 60% of the overall TAAC30 cyclotron Design.
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I. Introduction

Magnet is one of the major components used to build cyclotrons, where these cyclotrons are non-reactor sources used to produce other radioisotopes [1, 2]. High energy consumption and disintegration machineries produce half-life radioisotopes that are used for research as well as in the treatment of cancer, cardiovascular diseases, infectious diseases, and neurological disorders. Cyclotrons are capable of emitting positrons when they decay radioactive agents. The positron particles are used by PET systems for detection and imaging of various diseases [3]. A cyclotron uses a combination of magnets and radio frequency (RF) electric fields to accelerate ions to velocities high enough to create isotopes [4].
Nowadays, there is widespread interest in using compact superconducting cyclotrons designed and optimized for the production of two important PET isotopes, 13N (Cardiology), and 18F (Oncology), with the same internal water target. One uses 18O depleted water to produce 13N, and 18O enriched water for the 18F [5]. Therefore, it is sufficient to have a proton beam with an energy of 10 MeV-18 MeV and intensity of 10 µA-20 µA. A cyclotron of this size and type can be installed in a small/medium-sized room in a facility and moved around as per requirements [6].
A 30 MeV compact isochronous superconducting cyclotron has been completely designed at KACST. The machine has all the desirable features for the production of PET isotopes. In order to provide high reliability and operating efficiency, the requirements for each subsystem are kept modest and well within physical limits. The main parameters are shown in Table 1. 
Table 1: Main cyclotron parameters
	Parameter
	Value

	Cyclotron type
	Compact, isochronous

	Accelerated particle
	Proton

	Final energy
	≤ 30 MeV

	Beam current
	10 eµA

	Injection type
	External cathode free ECR 

	Central magnetic field
	≥ 4.3 T

	RF system
	Three spiral Dees

	RF frequency
Peak dee voltage
Extraction type
Cyclotron size
Cyclotron weight
	200 MHz
20 kV
Internal water target
1.0 m× 1.2 m × 1.2 m
≤ 3 t



II. Magnet

The magnet will consist of an iron yoke constructed from AISI 1010; two superconducting NbTi coils housed in two separate cryostats; a cryogen [image: ]free, conduction cooled system using two stage cryocoolers; a pneumatically actuated vacuum system; and an instrumentation rack used to monitor cryostat performance and remotely control the magnet. The main magnet parameters are given in Table 2Figure 1: High quality low carbon steel forgings for two cyclotrons are shown. One bock has been opened to reveal the pole piece inside.

Table 2: Main magnet parameters
	Parameter
	Value

	Inner radius
	164 mm

	Outer radius
	214 mm

	Height
	80 mm

	Number of sectors
	3

	Coil current density
	173.8 A/mm2

	Weight
	1.05 ton



II.A. Iron Yoke

The magnet is equipped with an iron yoke which generally serves three purposes:
(1) To increase the central field by approximately (37%), where the coil is positioned 60 mm from the median plane and a current of 255.26 A is used to excite the solenoid. 
(2) To screen the fringe outside the magnet.
(3) To reduce the stored magnetic energy in case of a quench. 
[image: ]The spiral pole tip structure was specially designed to shape the magnetic field that permits an isochronous operating mode. One of the critical alignments of the cyclotron would be to ensure the spiral pole tips of the top and bottom iron yokes are perfectly aligned. After machining the pole tips, a gauge would be used to align the top and bottom iron yokes. Once aligned, holes for radial dowel pins would be machined into top and bottom yokes, and an alignment pin would be fixed to the top yoke. At this point, the remaining features of the iron could be machined and the two halves should be adequately aligned for future assembly. The iron pole caps for two cyclotrons have been procured and are in house, as shown in Fig. 1Figure 2: Magnetized iron yoke (bottom) when the superconducting coils are fully energized.

In addition to shaping the magnetic field of the TAAC30, the cryostat is mounted to the iron yoke using eighteen (18) M10 bolts and ultimately supports the 250 kN attractive, magnetic force between the two superconducting coils. Additionally, the magnetized iron poles (Fig. 2) of the bottom yoke when the superconducting coils are fully energized are attracted to the poles of the top iron yoke introducing an additional axial force. 
Fixed supports were applied to the M10 holes used to secure the TAAC30 legs to the bottom iron yoke. The axial deflection of both the top and bottom iron yoke as a result of the magnetization and fully energized coils is shown in Fig. 3 and this deflection is on the order of 24–35 μm towards the median plane.

[image: ]Figure 3: Axial deflection of the iron poles as a result of the magnetized iron yoke and fully energized coils.

The maximum von-Mises stress observed in the iron yoke was 57.1 MPa (Fig. 4), which is well below the yield strength of AISI 1010 steel (305 MPa).  It is believed that this high stress is an artifact of the FEA simulation; however, if it was a true stress it is less than the allowable stress for the application (2/3 σyield = 203 MPa).   
[image: ] Based on information obtained from the structural simulations, the iron yoke would be able to withstand the forces that result from the TAAC30 magnet.


[image: ]Figure 4: Von-Mises stress in the iron yoke (top) when subjected to the loads from the magnetized iron and energized coils.


II.B. Superconducting Coil

       For a superconductor to produce extremely high field strengths it is necessary for the conductor to have a very large surface area. This is achieved by making the conductor out of a very large number of extremely fine filaments. The individual NbTi filaments have a diameter of 110 µm (the properties are provided in Table 3). They are embedded into a solid copper matrix to prevent thermal destruction in the event of a quench.
Table 3: NbTi conductor properties
	Parameter
	Value

	Cu:SC
	3:1

	Number of filaments
	42

	Filament diameter
	110 µm

	Diameter Bare
	1.25 mm

	Diameter with formmvar 
	1.30 mm

	Ic at 4.2 K, 5 T
	760 A



The ideal shape of the solenoid would have an inner radius of 164 mm, and outer radius of 214 mm and a height of 80 mm. There are total of 2706 turns in the coil, resulting in a total conductor length of approximately 3.3 km per solenoid. Field calculations showed that 696359.9 Amp-turns would be required to generate the necessary magnetic field for a 30 MeV cyclotron. Thus, it is expected that the operating current of the solenoid would be approximately 255.26 A.
Ansoft Maxwell 3D was used to conduct magneto static and transient analyses of the cyclotron magnet. Only one half of the magnet was modeled for the analysis and a symmetry boundary condition was applied to the median plane. The coil was positioned 60 mm from the median plane and a current of 255.26 A was used to excite the solenoid. The iron yoke was modeled as AISI 1010 steel (see Fig. 5). 

[image: ]
Figure 5: Maxwell 3D FEM model used to calculate the magnetic forces that result from the energized coils.

The BH curve used for the simulations (see Fig. 6) was reasonably extrapolation to higher fields and the steel properties are known to be close to standard AISI 1010 steel.
As is typical in superconducting magnets, the magnetic field is a combination of that provided by the saturated iron and the coils. In our case, the maximum field observed in the solenoid was approximately 5.9 T located at the inner diameter. The magnitude of the magnetic field through the cross-section of the winding pack shows the variation of field inside the coil, which is typical for this type of magnet.

[image: ]
Figure 6: AISI 1010 steel BH curve used for magnetic fields analysis.
Fig. 7 shows the superconducting coil magnetic field when the coil is energized (using an excitation current of 255.26 A) (Top) and the Lorentz force acting on the coil (down), which would be imported directly into an ANSYS [7] structural analysis to analyze the coil stress. As expected, the energized coil forces want to cause the superconducting coil to expand radially due to the stored energy in the coil, generating a circumferential hoop stress in the solenoid.  An estimate of the hoop stress could be calculated using the relation 𝜎 = 𝐽𝐵𝑟 where J is the engineering current density, B is the magnetic field and r is the radius.  The coil is approximately 696359.9 A-turns and the average current density is 173.8 A/mm2, max field is 5.9 T located at the inner radius of the coil 164 mm resulting in a hoop stress of 168 MPa.
The 3:1 NbTi conductor critical current versus temperature and magnetic field is plotted in Fig. 8.  In addition, the maximum field in the solenoid versus operating current is also plotted and referenced as the solenoid load line.  
The point at with the load line intersects the conductor critical current is referred to as the short sample limit of the NbTi coils and it identifies the maximum current that can be carried by the solenoid in its own self-field.  It is evident from the plot that the temperature of the coil should be less than 6 K when the field is greater than 5 T.
The solenoids are attracted to each other resulting in an axial force of approximately 245 kN directed towards the median plane of the cyclotron. This force is to be supported by the cryogenic support of the split cryostat as well as the iron yoke.
[image: ]
Figure 8: Supercon 3:1 NbTi conductor critical current versus field and temperature. The solenoid load line is also plotted with the maximum field at the operating current identified. The operating current of the solenoid is 255.26 A, and the maximum field is 5.9 T.



III. Conclusions

To conclude this work, this project aims to design, fabricate, assemble and demonstrate a state-of-the art compact, high field superconducting cyclotron based PET Isotope generator at 30 MeV final energy.  The design basis of the TAAC30 compact high field superconducting cyclotron for PET Isotope production is completely embodied in 3D Solidworks design models [8] and associated mechanical, structural, thermal, electromagnetic and accelerated beam physics analysis models, which are not possible to present here. We could present studies carried out for several components of the cyclotron such as the magnet, yoke and coils.
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