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●  Compact Superconducting Cyclotrons 

●  Ironless Cyclotron Concepts 
●  New Features 

—  Variable Energy 
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New Applications in High Field, Compact, 
 Superconducting Cyclotrons 

• Medicine 
–  Proton Beam Radio Therapy (PBRT) 

Ø  Carbon in the future 
–  PET Isotope Production 

•   Security 
–  Special Nuclear Materials Detection (SNMD) 

Ø  Short range and long range standoff 
• Accelerators for Nuclear Physics 
• Materials Irradiation Testing 
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Motivation – Reduce size and Cost of  
Ion Beam Radiotherapy 
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Proton radiation treatment facilities are expensive- $100M -$200M  
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Compact Superconducting Cyclotron  
Research at MIT 

 

•  Work started in late 2002 

•  Initial focus: compact superconducting cyclotrons to 
enable low cost Proton Beam Radiotherapy  
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Compact Superconducting Cyclotron  
Research at MIT 

 

•  Work started in late 2002 

•  Initial focus: compact superconducting cyclotrons to 
enable low cost Proton Beam Radiotherapy  

•  9T Superconducting Synchrocyclotron (K250) was first 
designed in 2006:   
o  commercial development began in 2007 (Mevion Medical Systems) 
o  first clinical treatment in 2013 (Siteman Cancer Center, Barnes-

Jewish Hospital/Washington University in St. Louis) 
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First Project 



Mevion S250 

Cyclotron Weight ~25 t 
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Comparison of PBRT Cyclotrons 
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Mevion  S250Mevion  S250 Varian ProscanVarian Proscan IBA C230IBA C230
R pole (m) 0.34 0.80 1.05
D Yoke (m) 1.80 3.10 4.30
Height (m) 1.20 1.60 2.10
Bo (T) 8.90 2.40 2.20
Bf (T) 8.20 3.10 2.90
Mass (tonnes) 25 100 250
Tf (MeV) 254 250 235
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MEVION S250  

●  The first MEVION S250 was installed last December at the Kling Center 
for Proton Therapy at Barnes-Jewish Hospital at Washington University 
in St. Louis, Mo., and is already treating more than 20 pediatric and 
adult cancer patients per day. The system is running with 97% uptime. 

●  Six additional MEVION S250s are under installation at  
—  Robert Wood Johnson University Hospital in New Brunswick, N.J.;  

—  Stephenson Cancer Center at the University of Oklahoma in Oklahoma City, Okla. 

—  Ackerman Cancer Center in Jacksonville, Fla. 

—  University Hospitals Seidman Cancer Center in Cleveland, Ohio 

—  MedStar Georgetown University Hospital in Washington, D.C. University of Florida 
Health Cancer Center at Orlando Health. 
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K-­‐250	
  Major	
  Parameters	
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Conductor 
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•  Strand 
-  High Jc Nb3Sn 
-  RRP 

•  Conductor 
-  High Jc Nb3Sn 
-  Cable-in-Copper-Channel 

•  Process 
-  Strand Cabled: 4 around copper core 
-  Cable Reacted 
-  Reacted Cable soldered in copper channel 
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Upper and Lower Superconducting Coils 
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Compact Superconducting Cyclotron  
for PET Isotope Production 
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Ionetix ION-12SC 

●  PET Isotope Production, 13NH3 

●  Compact, Cold Iron, Conduction Cooled – No Liquid Helium 
●  Prototype, 12 MeV protons, 10 µA  

●  1800 kg 
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Ionetix Isotron 3 Assembly 

Footprint: 
∅: 43” 

Height: 4’ 6” (to top 
plate of cryo-stat); 

7’ to top of cryo-cooler 
Thermal short 
to decrease 

cool-down time 

Current 
Leads 

1st & 2nd stage 
cryo-cooler 

attach, 
CryoMech 

PT415 

Adjustable
Faceplate 

Warm Bore 

Current Lead to 
Coil 

Connection 
(both sides) 

Adjustable 
feet 

y x 

z 
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Nanotron 

●  Portable  Cyclotron for Security Applications 
●  10 MeV, 100 eµA  
●  Compact, Cold Iron, Conduction Cooled – No Liquid Helium 
●  Weight ~ 815 kg 

Split SC Coil Pair 

Iron Yoke 

Cryocooler 

Cryostat 

Thermal Shield 

Radiation Shield 

Cooling Finger 

Beam Chamber 
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Ironless Compact Superconducting Cyclotrons 
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+’s and –’s of Ironless Cyclotrons 

 +’s: 
-  Reduced weight  
-  Reduced fringe field 
-  Larger mid-plane and axial bore clear spaces – can use interchangeable (Ion 

Source/RF/Extraction) cassettes for different Ions (protons, lithium, carbon). 
-  Scalable beam focusing (by adjusting coil current)– can vary beam energy with 

extraction at the same radius (restrictions apply). 
-  Plenty of space inside the cryostat – can be used for efficient low density 

radiation shields if needed. 
-  No need to shim the iron – big advantage for mass production. 
-  No external iron – no positive magnetic stiffness, simpler cold mass support. 
-  No internal iron – less load on cryogenics for faster cooldown and warm up. 
-  Scaling laws ease magnetic design process 

 
 -’s: 

-   No iron – less nuclear radiation shielding 
-   Somewhat larger radius shielding coils – Increases difficulty of conduction 

cooling by cryocoolers. May use  conduction cooling with He forced flow piping. 
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Ironless K-250 
for Proton Radio Therapy  
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Ironless Synchrocyclotron – Modifications of K-250 

With Iron0 Ironless 
Beam 

1,1 Ion  [Z,q] 1,1 
252.6 T  [MeV] 252.7 
8.23 Bex  [T] 8.11 

0.297 Rex  [m] 0.302 
Magnet 

180.4 j  [A/mm2] 235.9 
10.7 Bmax  [T] 12.4 
9.7 Energy  [MJ] 31.3 
209 B(R=2m)  [G] 4 
416 B(Z=2m)  [G] 13 
25 Weight [tons] 4 

•  About the same size 
•  Ironless synchrocyclotron is 6 times lighter 
•  Fringe fields are orders of magnitude lower 
•  Magnetic field scales linearly with operating current 
•  Much more space for RF system 
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Ironless k250 - Design 

Modular design:  
•  SC magnet 
•  Plenty of space for the RF module (ion source + dees + beam extraction) in 

mid-plane tunnels H=10 cm x W=75 cm 

Weight = 4 tonnes 
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Design    - Ironless Synchrocyclotron, B < 3 T 
Accelerated Particles  - H- 
Injection   - Internal or External Ion Source 
Extraction   - by Stripping 
 
Multiple Options: 
Common Features  - RT Copper Shielding Coils 
Main and Shaping Coils - Option 1: SC Cable in Channel cooled   

           externally by conduction 
   - Option 2: SC Cable in Conduit cooled internally 
           by forced He flow   
   - Option 3: Water-cooled RT Copper 

Shielding Coils 

Main and Shaping 
Coils Assembly 

Options 1 and 2 need a 
Cryostat for SC Coils 
 
Option 3 is all RT 

Possible System Configurations 

J.V. Minervini  MIT-PSFC 



Technology &
 Engineering Division

Variable Energy Synchrocyclotron 
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Assume: 
Energy/Range Modulation: 
•  2 MeV steps for protons (~0.25 cm step in range) 
•  2 MeV/ nucleon steps for carbon (~0.1 cm step in range) 
•  ~100 millisec step rate 
 
For a 250 MeV cyclotron this means that that the beam 
energy, T, shall be linearly reduced from T=250 MeV to 
zero in 12.5 seconds at a rate of 20 MeV/s. 
 

T(Rex,t)=T(Rex,0)*(1-t/12.5) 
 

•  A more likely energy range requirement is to reduce to 
about 100 MeV in about 20 seconds. 

Modulating Beam Energy - Specification 
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Terminal Voltage 
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•   Eddy Current Heating 
•  Precise Control of Dump Resistors 
•  Other issues (?) 
•  Conclusion: Detailed specifications of the T(t) scenarios are essential 

Magnetic Issues 
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•  To maintain the same particle trajectories for variable 
beam extraction energy the coil current, the RF 
frequency and the per turn energy gain (i.e. RF cavity 
voltage) have to be modulated in a certain way.  

 
•  Expressions for the respective control functions are 

derived analytically. 

Beam Control - Acceleration 
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Variable Energy (VE) Synchrocyclotron 
 - Extraction 

The shape of the particle trajectory is independent of the extraction beam 
energy. 

VF Model:  
• The proton was launched from the spots with the same X- 

and Y- coordinates at Rex with the respective energy, T=(1.0, 
0.8, 0.6, 0.4 and 0.2)*To and corresponding B=KB(T)B0. To 
distinguish between the trajectories the initial spots were 
spaced axially in Z-direction by 1 mm.  

• This confirms the above conclusion that for a properly scaled 
coil current matching the scaled beam energy the trajectories 
of the particle are the same. 

Extraction Options: 

• Extraction by a permanently installed stripper. The particle follows the same 
trajectory at any energy. 

• Regenerative extraction by magnetic bumps generated by coils changing the current 
scaled with the same proportion as in the Main/Shaping/Shielding coils.  

Note: Field in the beam guide has to follow the same proportion. 
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•  This opens the opportunity of using regenerative 
extraction by magnetic bumps generated by coils with 
the current scaled by the same proportion as in the 
Main/Shaping/Shielding coils.  

•  The consequence of this feature is that the design may 
no longer be limited by using stripping for extraction. 
Protons can be used instead of H- , which removes the 
B < 3 T limitation.   

•  A compact high field proton synchrocyclotron with 
regenerative extraction and variable currents in Main/
Shaping/Shielding/Extraction coils may be viable.  

Consequences of Collinearity 
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Conclusions 

•  There are several applications of cyclotron 
accelerators that can be improved by replacement of 
resistive magnets with superconducting magnets. 

•  Superconducting cyclotrons can be up to an order of 
magnitude lighter and smaller leading to space and 
cost savings (physical and operating). 

•  Ironless or nearly ironless cyclotrons are feasible and 
offer even larger reductions in size and cost, as well 
as a better magnetic shielding. 

-  Variable energy synchrocyclotrons are theoretically feasible.  

-  Engineering studies are the next step, to be followed by a 
prototype. 

•  Acknowledgements: Work funded by Mevion, Los Alamos National Laboratory,  
Defense Threat Reduction Agency (DTRA). And Ionetix, Inc. 
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Extra material  
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High Precision Dusty Plasma magnet 

•  Magnet system rotatable through 90° 
•  Excellent access both axially and radially 
•  Designed by MIT and fabricated at Superconducting Systems, Inc. 
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Example: VE SC Synchrocyclotron  
with Copper Shielding Coils - Basic Design 
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•  SC Main and Shaping coils in cryostat, Cu Shielding coils outside 
•  Field profile and focusing are the same as in k250 
•  Low field design chosen for compatibility with the extraction by stripping 
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Options Compared - 1 
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Option   1 2 3 

Beam         

B0 T 2.931 2.931 2.931 

Bex T 2.704 2.704 2.704 

Rex m 0.9049 0.9049 0.9049 

Tex  MeV 252.69 252.36 252.27 

Coil          

E MJ 21.78 27.17 45.54 

Weight SC Cable t 2.3 9.3 na 

Weight Copper t 8.9 12.3 68.9 

Total weight t 11.2 21.6 68.9 

Dimensions         

Overall D x H m 6.2 x 3.8 6.2 x 3.8 6.2 x 3.8 

Cryostat D x H m 2.5 x 0.7 2.7 x 1.2 na 

Fringe Field         

B(R=5m) gauss 15 30 36 

B(Z=5m) gauss 2 22 31 

Options Compared - 2 
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K-­‐250	
  Design	
  Design	
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Axial and Radial Cold Mass Supports 
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Cold Iron Yoke 
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