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Superconducting Fusion Magnets 
Present and Future 

•  Superconducting Magnet Technology is 
available now for up to ITER scale 
–  ITER is built with 1980’s and 1990’s technology 

•  Devices beyond ITER will require significant 
improvements to make fusion economical 
–  These improvements could be demonstrated on 

any next thrust experiment 
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Vision 

•  An FNST should use the same basic magnet technology 
as will be used in DEMO 

•  Magnet systems for present SC fusion devices are 
expensive  
–  ~1/3 of core machine cost 
–  Requires reduced cost 
–  Compactness 

•  High reliability and maintainability is essential 

•  Ease of manufacture and mass production is required for 
commercial reactors beyond DEMO 

•  Fusion device designers should have wide range of  
–  Magnetic field (magnitude and distribution) 
–  Magnet system operating temperature (and thus operating costs) 
–  Magnetic and structural configurations 

 
 10/15/2014 4 Joseph V. Minervini 



Technology &	


 Engineering Division	



State-of-the-Art 
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 State-of-the-Art 

•  All existing SC fusion machines use Low Temperature 
Superconductors 
–  NbTi 

•  Ductile alloy easy to work with 
•  Lowest cost practical superconducting material 
•  Commodity item used in MRI magnets (several thousand magnets per 

year) 
•  Relatively low critical temperature Tc and critical magnetic field Bc2 (9.8 

K and 10.5 T @ 4.2 K) 

•  LIN-B (1976, Baseball),T-7 (1978,TF), MFTF-B (1985, All Coils), Tore-
Supra (1987,TF), LHD (1998, Helical, PF), EAST (TF, PF, CS), KSTAR 
(PF only), Wendelstein 7-X (Stellarator, Planar, PF), ITER (PF only) 

–  DPC-U test coils (1989), Polo (1993), ITER PF Insert (2003) test coils 
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 State-of-the-Art – cont. 

•  All existing SC fusion machines use Low 
Temperature Superconductors 
–  Nb3Sn 

•  Brittle compound difficult to work with 
•  Higher cost than NbTi (x 4-5) 
•  Small worldwide production relative to NbTi (NMR, Lab 

research magnets) 
•  Relatively high critical temperature Tc and critical magnetic field 

Bc2 (18.2 K and 24.5 T @ 4.2 K) 

•  TRIAM (1986, TF),T-15 (1989, TF), KSTAR (TF and CS), ITER 
(TF, CS) 

–  Plus DPC-EX and US-DPC (1990), ITER CSMC and TFMC (2000) 

•  React-and-Wind versus Wind-and-React 

–  Note: LDX uses NbTi charging coil, Nb3Sn floating coil, and 
HTS-BSCCO2223 levitation coil 
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Large Scale Superconducting Fusion  
Machines Around the World 

T-7, T-15 

HT-7, EAST 

Triam, LHD, 
JT-60 SU KSTAR Tore Supra 

Wendelstein-7 
ITER 

SST 
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 State-of-the-Art 

•  Conductor designs have evolved 
–  Started as monolithic pool-cooled in helium bath  

•  (NbTi through MFTF) 

–  Forced Flow Cooled,  
•  (T-15 Nb3Sn) 

–  Cable-in-Conduit Conductor (CICC) 
•   Westinghouse LCT, DPC-U, DPC-EX, US-DPC, Polo 
•  EAST, KSTAR, Wendelstein, ITER 

Monolithic, 
Pool-Cooled 

Forced-Flow 

CICC 
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State-of-the-Art 

Wendelstein 

EAST 

LHD 

KSTAR 
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 ITER Technology 

 

This is the state-of-the-art 
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• The ITER magnet system is 
made up of 

 

Pair of TF Coils 

–  18 Toroidal Field (TF) Coils, 
–  a 6-module Central Solenoid (CS), 
–  6 Poloidal Field (TF) Coils, 
–  9 pairs of Correction Coils (CC). 

 
 

PF & CC Coils CS Coil 

ITER Magnet System 



ITER uses 5 different CICCs for its magnets 



Typical sizes for magnet applications (Ex. Nb3Sn) 



ITER Toroidal Field Coil CICC 



ITER Conductor Manufacture 

Jacket 
Production 

Cable Insertion 

Jacket Assembly 

Final Tests 

Cabling 

Strand 
Production 

Spooling 
C

om
paction 



Steps in Fabrication of ITER CICCs 



Inner Leg Cross Section 
 
 

TF Winding Pack 
 
 
 
 

TF Coil 

TF Coil Winding Pack 

Winding Pack 
Assembly 



TF Coil Nb3Sn Reaction Heat Treatment 



ITER CS Conductor 

Major parameters of CS 
conductor Parameters   CS conductor  

Outer jacket square 49 mm   

Inner jacket diameter 32.6 mm   

ID/OD of central spiral
  7.0/9.0 mm   

Cabling pattern 
(2SC + 1Cu) × 3 × 4 × 
4 × 6 

Twisting pitch 
45/85/145/250/450 mm

  

Void fraction of cable 
area 33%   



Cabling and Butt Welding 



Central Solenoid Coils 
CS stack, 6 modules, supports and precompression flanges 

 

Upper hangers 

Vertical 
precompression 
flanges 
 
 
 
 
 

Lower centring 
mechanism 

terminals and busbars 
 

He inlet manifolds 

 

Single CS 
Module 



ITER Central Solenoid Fabrication 



2 in hand 
conductor 
winding 

P6 coil and supports 

terminals 

support clamps 
 
 
 
 

PF 6 winding 

pancake 
joints 

He 
inlets 

PF Coils 



PF Coil Winding 



PF Coil Fabrication 



Correction Coils 
 
 
 

320kAT 

• opposite pairs in anti- 
series 

 

• 9 independent sets 
 

200kAT 

• correct toroidal and poloidal 
harmonics in poloidal field 

320kAT 



HTS Current Leads for ITER 



HTS Lead Status 

• ASIPP, CN manufactured a pair of 60kA HTS trial leads, tested 
in December 2008. 

Views of 68 kA ITER TF Current Lead 



Magnet Feeder System 



4 large He cooling loops for the ITER magnets: TF 
casing, TF winding pack, PF & CC, CS 

T = 
4.3K 



Joints and Hydraulic Connections  
ITER TF Coil 
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Tape Plane 

High-Jc Nb3Sn 
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Nb-Ti 

Nb-Ti 

April 2014 

YBCO High Temperature Superconductor is an 
excellent High Field Superconductor 

ITER CS Nb3Sn 
Operating Je 

•  Present day HTS performance is already good enough for use in fusion magnets and 
continues to advance rapidly.  

•  HTS provides high magnet stability and operating margins at T>20K. 
•  Reduces probability for spontaneous quench. 
•  Higher T operation increases refrigeration efficiency and nuclear heating handling. 

http://magnet.fsu.edu/~lee/plot/plot.htm 

HTS Range 

LTS Range 

This unexplored range is 
where innovation in magnet 
technology can potentially 
have a great impact on 
future fusion devices. 
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Magnet Conductors so far…. 

1. Nb47Ti conductor- thousands of 
8 µm dia. Nb47Ti filaments in pure 
Cu, easily cabled to operate at 
10-100 kA 

3. Bi-2223 – the first HTS conductor – highest Jc requires uniaxial 
texture developed by deformation and reaction 

2 µm Ag 

20µm Cu 

20µm Cu 

50µm Hastelloy substrate 

1 µm HTS 
~ 30 nm LMO 

~ 30 nm Homo-epi MgO 
~ 10 nm IBAD MgO 

< 0.1 mm 

4. REBCO coated conductor – highest Jc obtained by biaxial texture 
developed by epitaxial multilayer growth 

2. RRP (150/169 design) very high Jc Nb3Sn 
conductor- thousands of few µm dia. Nb 

filaments in pure Cu converted to ~ 40 µm 
filaments after reaction with Sn cores, easily 

cabled to make 10-20 kA conductors 

5. Bi-2212 – high Jc without macroscopic texture!  The first HTS 
conductor like an LTS conductor. 
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YBCO Tape (2nd Generation-HTS) 

•  SuperPower (Latham, NY) uses a reel-to-reel system for 
tape production 
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 BSCCO-2212 

• Good properties in high magnetic field at 4K 
• Round wire allows cabling for higher operating current 

• Can YBCO coated conductor tapes be made in round wires? 
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 High Temperature/Field Superconductors: 

 

 State of the Art 

•  HTS maintain substantial 
Jc at 20-30 K. 

•  There has been 
continued and substantial 
improvement in 
properties in recent years 
but funding for 
development is in steep 
decline. 

•  Other Interested parties: 
•  High Energy Physics 
•  NHMFL 
•  NMR 
•  Power Applications (3000 

km of YBCO tape recently 
ordered for LG power 
cable in S. Korea. 

SuperPower 's YBCO coated conductor (external 
magnetic field applied perpendicular to the tape surface). 

Data courtesy Aixia Xu, ASC@NHMFL 3/4/11 
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HTS Benefits for  
Magnetic Fusion Energy 

•  HTS is a‘game changer’ opening up new opportunities 
for MFE: (Gap-8, ReNew Thrust 7) 
-  high performance leading to very high plasma field (Gap-2) 

Ø  Fusion Gain ~ B3, Power Density ~ B4  (Dennis Whyte) 

-  increased magnet stability leading to high reliability and availability 
–  acceptable cost by reducing machine size and volume   
–  demountable magnets leading to improved maintainability (Gap-15) 

•  Flexible magnetic configurations including steady-state 
tokamaks, stellarators, and other 3-D configurations (Gap-6)  

•  Synergism with other DOE and scientific programs: 
–  High Energy Physics  
–  ARPA-E Electric Power Systems 

39 



New HTS superconductors + integrated high-B physics provide an innovative 
strategic vision for US leadership in accelerated fusion energy development	



G-2 Integrated steady-state & 
boundary in burning plasma 

G-4 Control at high Qp 

G-5 Predict & avoid damaging 
 off-normal events 

G-7 RF launchers & coupling 

G-9 Tame PMI & heat exhaust  

G-10-15 Integrated fusion 
materials & components 

     High-B physics: 
-  High gain at small size 
-  Margin to operational 

limits & disruptions 
-  Effective RF CD & 

innovative launchers for 
steady-state 

-  High pressure boundary 
& PMI control 

Demountable HTS coils & 
Modular replacement 

G-8 High-B magnets 

Gaps	

 HTS high Bpeak> 20 T  
Superconductor coils 

Steady-state 	


Compact	



FNSF/Pilot	



Next 10 years	



New magnet R&D 

New magnet R&D 
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 Advantages of HTS Operating at Elevated Temperature 

•  Increase in thermal conductivity (5-10 times) 
•  Increase in specific heat (10-100 times) 

•  Very high stability 
–  (Disadvantage very slow quench propagation making projection 

more difficult) 

•  Less refrigeration wall power required (gain in fraction 
of Carnot Efficiency) 

 

ITER Cryogenic Refrigeration Requirements 
 

Heat Load 

(kW)  

Temperature 

( K )  
Qwall/Qin 

Wall Power 

(MW)  

6 5  4 . 5  1 8 0  11.7  

1300  8 0  9  11.7  
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Large-Scale TSTC Conductor Concept	

Basic conductor   
Twisted stacked-tape cable in a round tube	


Multistage conductor  
3x3 cable and 12 sub-cable conductors	


12 mm x 12 mm, copper diameter 9.5 mm 	


40 YBCO tapes	
 20 YBCO tapes in each helical 
groove (Total 60 tapes) 	


CICC mockup of TSTC conductor 	


One channel cable 
3 channel cable 

Cross-section and a twisted stacked-tape conductor	


3x3 cable	


12 sub-cable conductor	


12 sub-cable	


40 tape H-channel dual-stack cable 

Supercon H-Channel TSTC Conductor 

Self field 
degradation 
is reduced. 

16 

Ref. 10 (2008), 4 (2012), 11(2013) 



Estimated currents and current densities of various conductors  
Basic cables composed of 40-tapes 
Calculation based on SuperPower tape, the critical current (193 A) at 16 T and 4.2 K 

Large TSTC Conductor Current Capacity 	


Multi-stage cables	


H-channel cable	


3-channel 
CICC cable	


 
Conductors 

Current 
at 16 T,  

4.2K (kA) 

Current Density 
(A/mm2) 

Conductor 
Diameter 

(mm) 

Conductor Cross- 
Section 

 
Basic cable 

 
7.7 

 
273 

 
6.0 

!

!
!

 
 

3 subcable 

 
 

23.2 

 
 

175 

 
 

13 

!

!
!

 
 
 

3x3 cable 

 
 
 

69.5 

 
 
 

113 

 
 
 

28 

!

!
 
 
 

12 subcable 

 
 
 

92.7 

 
 
 

205 

 
 
 

24 

!

!
!

 
H-channel 
basic cable 

 
7.7 

 
109 

 
9.5 

!

!
!

 
3-channel 
basic cable 

 
23.2 

 
151 

 
14 

!

!
!

!

Ref. 3 (2014), 6 (2014) 



TSTC for Magnet Application	

Critical current and current density 

Calculations based on 4 mm width, 40-tape TSTC conductor  
 with  SuperPower AP Tape (Tape  Ic = 235 A at B = 12 T,   Ic = 170 A at B =  20 T) 

 

  Achieved Ic Overall Je  
TSTC tested at KIT  

9.5 mm Dia.  Cu sheathed  
5 kA 

(B=12 T) 
70 A/mm2 
(B=12 T) 

!
  Potential Ic Overall Je  
                TSTC 
9.5 mm Dia.  Cu sheathed  

TSTC tested at KIT 
9.4 kA 

(B=12 T) 
6.8 kA 

(B=20 T) 

133 A/mm2 
(B=12 T)  
96 A/mm2 
(B=20 T) 

Single stack 
6.0 mm Dia.  

6.8 kA 
(B=20 T) 

241 A/mm2 
(B=20 T) 

H-channel dual stack 
9.0 mm Dia.  

6.8 kA 
(B=20 T) 

107 A/mm2 
(B=20 T) 

                STTW 
Stacked tapes sandwiched 

with two Cu strips 
6.5 mm Dia. 

6.8 kA 
(B=20 T) 

 

203 A/mm2 
(B=20 T) 

 
!

Ref. 3 (2014) 



REBCO Cable Termination Methods Developed	
  
YBCO-BSCCO Termination 

YBCO- YBCO Termination 

Folding-Fan Soldered Termination 

Tape joint resistance   
   Average 238 nΩ 	


   Standard deviation 59 nΩ	



Tape joint resistance   
   Average 430 nΩ 	


   Standard deviation 50 nΩ	



Tape termination resistance   
   Average 920 nΩ 	


   Standard deviation 270 nΩ	



#32 

#1 

YBCO joint tapesYBCO
termination tape

Former

Copper tube

Solder
Contact or soldered Joints
 between YBCO and YBCO tapes

YBCO
  cable
   tapes
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 Demountable	
  TF	
  coils:	
  	
  

	
  

Vertical	
  replacement	
  of	
  internal	
  components	
  

•  Faster	
  and	
  easier	
  than	
  
sector	
  maintenance	
  

•  Lower	
  tolerances	
  in	
  
fabricating	
  parts	
  

•  Better	
  alignment	
  in	
  
plasma	
  facing	
  
components	
  

•  Vacuum	
  vessel	
  
fabricated	
  off-­‐site	
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 Electrical	
  joint:	
  resistive	
  terminations	
  linked	
  	
  

	
  

with	
  auxiliary	
  plate	
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 Top	
  mechanical	
  support:	
  triple	
  dovetail	
  

Top	
  TF	
  leg	
  slides	
  in	
  ver/cally	
  inside	
  
inner	
  leg.	
  This	
  dovetail	
  supports	
  
burs/ng	
  radial	
  force	
  

Auxiliary	
  part	
  slides	
  in	
  radially	
  
between	
  TF	
  coils.	
  Double	
  dovetail	
  

supports	
  ver/cal	
  force	
  and	
  also	
  first	
  
dovetail	
  socket	
  

Inner	
  TF	
  legs	
  supported	
  by	
  
wedging,	
  not	
  bucking	
  

Inner	
  TF	
  leg	
  



Structural materials exist today with sufficient strength and fracture 
toughness at cryogenic temperatures to build very large high field 

fusion magnets 

Nitronic 50 

  YS: 1100-1500 MPa 
UTS: 1500-1900 MPa 
 

  2/3 YS: 733-1000 MPa 
 ½ UTS: 1000-950 MPa 
 

49 



Technology &	


 Engineering Division	

 Choice	
  of	
  structural	
  materials	
  

•  Strain	
  in	
  tape	
  cri/cal	
  factor	
  
–  Determined	
  by	
  stress	
  in	
  

structure	
  and	
  difference	
  in	
  
thermal	
  expansion:	
  

•  Other	
  important	
  issues:	
  
strength,	
  toughness,	
  
duc/lity	
  

Room	
  Temp:	
  
Structure	
  and	
  

REBCO	
  have	
  the	
  
same	
  length	
  

Cool	
  down	
  to	
  20	
  K:	
  
REBCO	
  and	
  structure	
  

shorten	
  according	
  to	
  their	
  
CTE	
  

But	
  REBCO	
  is	
  constrained	
  
by	
  the	
  structure,	
  and	
  is	
  
strained	
  to	
  match	
  the	
  
structure’s	
  new	
  length	
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Strain	
  in	
  tape	
  is	
  limi7ng	
  factor	
  	
  
for	
  many	
  interes7ng	
  structural	
  materials	
  

SS	
  316LN	
  the	
  best	
  of	
  
these	
  materials	
  
	
  
0th	
  order	
  max	
  stress:	
  
860	
  MPa	
  
	
  
With	
  more	
  realis/c	
  coil	
  
composi/on:	
  	
  
690—740	
  MPa	
  
	
  

K

YBCO

K

Str
Cooling L

L

L

L

300300

Δ
−

Δ
=Δε
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Acceptable	
  stress	
  levels	
  in	
  the	
  structure	
  at	
  20	
  T	
  

0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  GPa	
  

High	
  stress	
  areas	
  (>700	
  MPa)	
  
von	
  Mises	
  stress	
  

Winding	
  pack:	
  <	
  500	
  MPa	
  
Most	
  of	
  structure:	
  <	
  700	
  MPa	
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Other Large Scale Applications 
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 NbTi 

•  MRI - largest commercial application 
•  High energy and nuclear physics accelerators 

and detector magnets 

•  Laboratory scale magnets 
•  Proton beam radiotherapy magnets 

–  (new application) 
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 MRI Magnets 
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1.5 T 

7 T 

3 T 
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 MRI Magnets 
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Modern systems are actively shielded using superconducting coils 
 – no magnetic shielding 
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 MRI Magnets 
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Now systems as high as 11.7 T have been built, with plans for even higher field  (14 T?) 

Iseult/NUMAC 
CEA Saclay, France 

(90 cm bore, actively shielded) 

Cost: 137 MEuro over 8 years 

Agilent 
(L = 3.66 m, weight ~60 tons) uses 572 km of NbTi 
wire-in-channel operating below 2.5 K (the passively 
shielded, magnet fringe field extends 21 m × 27 m in 
the absence of room steel)  
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 HEP Accelerator Dipole 
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•  Large Hadron Collider (LHC) at CERN uses NbTi 
dipoles and quadrupoles operating at 8 T, 2 K 
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 HEP Detector Magnet 
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•  Large Hadron Collider (LHC) at CERN uses NbTi 
in the ATLAS and CMS Detector Magnets 
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 HEP Detector Magnet 
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•  Large Hadron Collider (LHC) at CERN uses NbTi 
in the ATLAS and CMS Detector Magnets 
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 HEP Detector Magnet 
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•  Large Hadron Collider (LHC) at CERN uses NbTi 
in the ATLAS and CMS Detector Magnets 
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 Nb3Sn 

•  High field NMR 
•  High energy and nuclear physics accelerators 

–  LHC luminosity and intensity upgrade 

•  Proton beam radiotherapy magnets 
–  (new application) 
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 High Field NMR 

1 GHz NMR = 23.5 T @ 2K 
54 mm bore 

10/15/2014 Joseph V. Minervini 63 



Technology &	


 Engineering Division	

 HEP Accelerator Dipole 
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•  Large Hadron Collider (LHC) at CERN plans to 
use Nb3Sn quadrupoles for a luminosity upgrade 
(HiLumi), followed by Nb3Sn dipoles for an 
intensity upgrade. 
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Hadron Radiotherapy Cyclotrons 
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•  Superconducting cyclotrons are now beginning 
to be used for hadron radiotherapy. 

•  Initially these devices accelerate protons, but a 
later goal is to accelerate carbon ions. 

•  The goal is to reduce the size and cost of the 
treatment systems, as well as operating costs. 

•  In some cases, the heavy copper and iron gantry 
magnets are being replaced by lighter 
superconducting magnets. 
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 Ion Beam Radiotherapy 
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Conventional Proton Therapy Cyclotron 

Cyclotron Weight ~200 t 

Gantry Weight ~90 t 
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 Carbon Radiotherapy at Heidelberg 
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 Accel Superconducting Cyclotron 
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Mevion S250 

Cyclotron Weight ~25 t 
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 HTS (BSCCO-2223) 

•  AC power transmission 
•  Superconducting fault current limiters 
•  Electric motors and generators 
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 Electric Power Grid Applications 
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 Electric Power Grid Applications 
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35 MW superconducting motor 

Superconducting Fault 
Current Limiter (SCFL) 
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 HTS (MgB2) 

•  DC superconducting power transmission 
•  Open MRI magnets 
•  Small research magnets 

10/15/2014 Joseph V. Minervini 75 



Technology &	


 Engineering Division	

 HTS (ReBCO) 

•  DC superconducting power transmission 
•  Small research magnets 
•  High field research magnets 

•  High field DC hybrid magnets 
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DC	
  Power	
  Transmission	
  Cable	
  

•  A	
  30	
  m	
  prototype	
  DC	
  microgrid,	
  1	
  kA,	
  5	
  kV,	
  from	
  the	
  
State	
  Laboratory	
  for	
  Renewable	
  Energy	
  to	
  the	
  State	
  
Laboratory	
  for	
  Electricity	
  Genera/on	
  (in	
  Beijing)	
  

•  Funded	
  by	
  the	
  Low	
  Carbon	
  Energy	
  University	
  
Alliance	
  (LCEUA)	
  of	
  Tsinghua	
  University,	
  Beijing	
  

•  3	
  way	
  collabora/on	
  
–  Tsinghua	
  University,	
  Beijing	
  
–  MIT	
  
–  University	
  of	
  Cambridge,	
  UK	
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Summary 

•  LTS conductor technology is very advanced for fusion 
magnet applications (both NbTi and Nb3Sn). 

•  Fusion devices beyond ITER might use HTS magnets if 
they can be shown to improve the fusion reactor and if 
they can be made in practical, large scale conductors 
and magnets. 

•  There are many other large scale applications of LTS 
magnet technology, and increasingly HTS technology. 
–  Medical applications 

–  Power grid applications 

–  Very high field research magnets 
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