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The role of superconductivity in 
the development of cyclotrons

By Luciano Calabretta, INFN-LNS, Catania 



2

Henry Blosser 
a father of the 

superconducting 
cyclotrons. 

He was founder and 
longtime Director of 

the Cyclotron 
Laboratory at 

Michigan State 
University.

Henry passed away 
on past 20 March!

The role of superconductivity in 
the development of cyclotrons
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1979, PAC, 

H. Blosser and F. Resmini

present the design of 

K500
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The research cyclotrons 

were designed to 

accelerate ions beams 

from proton to uranium! 

This goal complicated 

greatly the job!

The cryostat has to 

host two pairs of 

superconducting 

coils.

The RF cavities 

escapes!



1979, PAC, 

Blosser and Resmini
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1980, K500 MSU

Compact superconducting 

cyclotron for 

Nuclear research 

In the world:

K500 MSU (USA)

K520 Chalk River ( C )

K1200 MSU (USA)

K800 Milano (I)

K500 Texas AM (USA)

K600 AGOR (NL)

K500 Calcutta (IN)



Superconducting                
cable Nb-Ti

In Liquid He bath

Superconducting winding

To minimize the risk of 
quench, the coils of Milan's 

cyclotron, like for Chalk 
River, were built joining 
together a set of double 

pancake coils

The MSU people chose the 
solenoid winding style 

Both solutions worked well!

SUPERCONDUCTING CYCLOTRON - INFN Milano 
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Kolkata 
superconducting cyclotron

MSU K500 like
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On courtesy of R. Bandary



Lower module of welded mechanical structure

AGOR SUPERCONDUCTING CYCLOTRON
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On courtesy of S. Brandenbourg

AGOR used the first superconducting 
extraction magnetic channel



12
On courtesy of S. Brandenbourg
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Agor Coil
epoxy impregnated

On courtesy of S. Brandenbourg
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Cryostat of 

the K800 

cyclotron 

installed at 

Catania site

1992

A serious 
advantage of 

superconducting 
cyclotrons is 

their significant 
reduction of 

electrical power!

K800 cyclotron 
power 

consumption 
1.6 - 2 MW

GANIL(F)
6-8 MW! 
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Liquid Helium plants, need room! 

Cool Box
Liquefier

Phase 
separator

L He
Vessel Gas flow 

control

Nitrogen
shield
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He 
compressor
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On courtesy of T. Antaya
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On courtesy of F. Marti

50 Mev Deuteron Cyclotron, Detroit’s        

Harper Hospital 1984-1989
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Oxford cyclotron (EuroMeV), 12 MeV, 200 µµµµA, 
R. Griffiths (1989?), radioisotope production
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2002-2004

ACCEL builds the 
first superconducting 
cyclotron for proton 

therapy!
90 tons!

Closed cycle for         
LHe system!

6 W cooling power 
produced by 4 

commercial 
cryocoolers!

High Tc current leads

On courtesy of H. Roecken, Varian 
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On courtesy of H. Roecken, Varian 



Still River Monarch 250 (Now MeVion) - smaller than a 
conventional modern 18 MeV PET Cyclotron

Nb3Sn Coils:
� High Jc strand- ~3000 A/mm2

(Oxford)
Conductor is derived from DOE HEP 

Conductor Development Program 
extensively vetted by US LARP

+
� Wind & React, Cable in Channel 

(Luvata) 
� Follows concept developed for the 

US DOE OFES Levitated Dipole 
Experiment (Minervini et al/MIT)

On courtesy of T. Antaya
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First Beam delivered 2010

Energy modulator 

& collimators



Courtesy of Y. Jongen

The 235 MeV Sinchrocyclotron of  IBA

24

< 50 Tons!
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Courtesy of Y. Jongen
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Courtesy of Y. Jongen
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S2C2P SYNCHROCYCLOTRON - IBA

Assembly of the magnet inside 

the yoke at the Customer’s  site

3D simulation IBA ProteusONE™ is a single-

room compact proton therapy solution
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SRC: the World’s First Superconducting Ring Cyclotron
2001-2006

K = 2,500 MeV

Self Magnetic Shield

Self Radiation Shield

Max. Field: 3.8T (240 MJ)

Rf frequency: 18-38 MHz

Weight: 8,300 tons

Diameter: 19m Height: 8m

Superconducting 

Bending Magnet

Control DewarSide Shield 

(Open for 

mainte.)

SC Trim Coil
Lower Shield

rf-Cavity

Upper Shield

Upper Yoke

Side Yoke

Lower Yoke

Superconducting Magnets in 

SRC

1) Sector Magnet

2) SBM for beam injection + 

Power Supplies + 

Cryogenic Cooling system

30
Courtesy of H. Okuno, Riken

SC Main Coil
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Sector Magnet

25 deg.

7.2 m

6
 m

800 ton/sector

Main Coil 

(208 mm x 284 mm)

Main Coil (4 MAT)

Circumference: 10 m

Connecting plate

Connecting plate

Courtesy of RIKEN Okuno
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Sector Magnet

Cryostat Chamber

Magnetic force (2.6 MN/m)

70 K Thermal 

Shield

70 K Thermal 

Shield

Pole
Screw

Screw Lower Yoke

Upper Yoke

Back 

Yoke

Y
o

k
e

 L
in

k

Superconducting Trim Coil

Superconducting Trim Coil

7.6 MN

Courtesy of RIKEN Okuno
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Superconductor

15mm

8
m

m
Stabilizer (AL-alloy with 1000ppm Ni)

Rutherford type Nb-Ti SC Cable

B (T)

I 
(A

)

I c (4.5 K)

Main Coil

Trim Coil
Yield Strength = 55 MPa

(cf. 40 MPa for pure Al)

R (NbTi [SC]) = 0 

R (NbTi [NC]) > 1000 R (Al)

→ Suppression of heat generation

Applied field (T)Courtesy of  H. Okuno, RIKEN
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MIC1

MDC1

RES2

sMIC2

RES1
MDC2

EDC

EBM

EIC

Q2

Q1

Q3

RES-FT

Sector 1

Sector 4

Sector 3

Sector 2

14.4 m

S.C. fRC for RIBF upgrade Ohnishi, Okuno 9th PASJ (2012)

Parameter of s-FRC

K-value 2220 MeV

Velocity Gain 2.06

Injection Energy 10.8 MeV/u

Extraction Energy 48.0 MeV/u

RF frequency 36.5 MHz

Harmonics 9

Injection Radius 1.775 m

Extraction Radius 3.65 m

Parameters of Sector magnets

Sector number 4

Weight/sector 1200 t

Pole gap 180 mm

Magnet motive force 1.62 MA

Bmax in the orbit 3.2 T

N.C. trim coils 20 pair

Details are in discussion.
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Courtesy of H. Okuno, Riken



DAEδALUS: experiment overview

VIS source

Superconducting Ring Cyclotron

Accelerator Complex (INFN-LNS Catania expertise)

Normal conducting 
Cyclotron

Experiment 

Leaders:

J. Conrad (MIT)

M. Shaevitz 

(Columbia 

University)
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The duty factor     

is flexible, but 

beam-off is needed.



Cyclotrons:  Viable technology?

PSI is current world power leader in this energy range

~ 1.4 MW average, 590 MeV protons

Extrapolation to higher power?

Problems:

1.Capture of more ions… space-charge at injection

2.Clean extraction… max loss 200 W (~10-4)
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Proposed Solution:  H2
+ ions

• Two protons for every ion (1 emA = 2 pmA)

• Perveance of 5 emA H2
+ at 35 keV/amu

same as 2 emA of 30 keV protons

– Axial injection of 2 emA protons at 30 keV is 
well within state of the art

• Extraction with stripping foil

– Clean turn separation is not needed, only 
high-acceptance extraction channel
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The base cyclotron module for DAEDALUS is designed to deliver proton 

beam 10 mA @ 800 MeV duty cycle 20%, average power <1.6 MW>  

Peak current 5mA of H2
+

< 1 mA> H2
+ 60 MeV/n  

<120 kW>/600 kW peak 

< 1 mA> H2
+

800 MeV/n            

20%<1.6 MW>       

8 MW peak 

Stripping extraction

Space Charge 

effects, 

Electrostatic 

Deflectors

Superconducting 

Coils, Losses due 

to residual gas,

Electromagnetic 

stripping
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The proposed SRC for DAEdALUS 
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Number of Sectors   6 
Coils per Sector   2 
Coil Current Density A/mm^2 34.68 
Coil X-section cm x cm 16 x 31 
Coil X-section Area m^2 0.0496 
Coil Average Length m 10.85 
Coil Volume m^3 0.5383 
Data Source   Opera ANSYS 
Coil Peak Field T 4.37 4.45 
Total Energy MJ 319.72 381.12 
Energy/Sector MJ 53.29 63.52 
 

Preliminary parameters of the superconducting coils
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Study by PSFC (MIT)
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The superconducting coil and 
associated cold mass are cooled to 
4.5K via forced flow of supercritical 
helium (SCHe) within a closed loop 
at 3.0atm. SCHe enters each of 12 
magnet coils at 4.5K, 3.0atm, and a 
flow rate of 15g/s, and accepts a 
thermal load of approximately 16 W, 
and exits at 4.6K without any 
ionizing heat load into the coil.  The 
SCHe passes through heat 
exchangers at the base of 7 structural 
supports where it accepts a load of 
16.2W, exiting above 4.97K. The 
SCHe enters the refrigerator heat 
exchanger where it exchanges heat 
with a 4.2K liquid Helium bath.  The 
SCHe enters slightly below 5.0K and 
exits at 4.3K.  The heat exchanger is a 
simple coiled 12.7mm inner diameter 
tube 1.4m in length.

SCHe 
4.5 K

SCHe 
4.6 K

SCHe 
4.97 KSCHe 

4.3 K
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Thanks for your attention!


