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Fusion Magnets — Present and Future

— Vision

— State-of-the-art

— New developments in superconductors

Advanced fusion magnet technology

Other large scale applications of superconductivity

e Summary
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Engineering Division Present and Future

e Superconducting Magnet Technology Is
avallable now for up to ITER scale

— ITER is built with 1980’s and 1990" s technology

e 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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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 maintainabillity 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
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Material T.[K] | woH,; [tesla] Progress of T.
T [K] T [°C]
Nb(metal) 9.1 0.2 A A
Nb-Ti (alloy) < 9.8 10.5 (4.2K) 400 100
NbN (metalloid) 16.8 | 15.3 (4.2K) H,0 Boils
MgB, 39 >15
NbsSn (compound)#¢ 18.2 24.5 (4.2K)
NbAl 18.7 | 31.0 (4.2K)
Nb;Ge 232 | 35.0 (4.2K)
YBaCuO (oxide) 93 150 .
BiSrCaCuO 110 108 Sthane Bolls
HgBaCaCuO 133 “high”
O, Boils
N, Boils
y

He Boils

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

Critical Surface

T
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« All existing SC fusion machines use Low Temperature
Superconductors

— NDbTi

 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 T, and critical magnetic field B, (9.8
Kand 105 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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» All existing SC fusion machines use Low
Temperature Superconductors
— Nb3;Sn
 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 T, and critical magnetic field
B, (18.2Kand 245 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-BSCCO,,,, levitation coil
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Major Superconducting Fusion Devices and Demonstration Magnets

75:76:77:78:79

80

89

30

95

96

98

81:82:83:84:85:86:87:88

102:03:04:

99:00:01:02

T-15

MEFTF-B

TRIAM

Tore Supra

LHD

Wendelstein W7-X

LCT

DPC

Polo

ITER-MC

The milestone . shows the first cool down
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« Conductor designs have evolved S i
— Started as monolithic pool-cooled in helium bath _ e '
*  (NDbTi through MFTF) o . o

— Forced Flow Cooled, . sl

. (T-15 Nb,Sn)

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

Forced-Flow
\errezent: /7777
Monolithic —— :
1 / o /
Pool-Cooled - %'e/%
i @
400 A NbT lithe T. / X >
70 T ol 115 1979 >
°® 09 ." ) ITER CS (1995)
t:’.’o“:’o'o‘u
006,049,599
® Tolonon e’

) A & Y Avs
(6606000
B i s S
$060.00000
T )

. a4

L

40.8 mm
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ITER Technology
This Is the state-of-the-art
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ITER Magnet System

eThe ITER magnet system is
made up of

— 18 Toroidal Field (TF) Coils,
— a 6-module Central Solenoid (CS),

— 6 Poloidal Field (TF) Cails,
— 9 pairs of Correction Coils (CC).

Central Solenoid PF1

Bottom Correction Coil ~—%

\.PF6

PF & CC Coils

CS Cail



ITER uses 5 different CICCs for its magnets

Nb;Sn TF Conductor

PF5 Conductor Nb-Ti

Y, ;- 3 5T
S T ey
r""
£

P -

CC Conductor

©
Y g™
Q.#

(dummy)
CB Conductor

CS Conductor

A.D. ITER Cond. Production 151111 15/62

MB Conductor




Typical sizes for magnet applications (Ex. Nb;Sn)

able

]

Strand

trand
Sub-Flement




ITER Toroidal Field Coil CICC

Sub-Cable
Wrap

m Stainless Steel
Conduit

Cooling Spiral




ITER Conductor Manufacture
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Production
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Cable Insertion

Jacket
Production
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Jacket Assembly



Steps In Fabrication of ITER CICCs




TF Coil Winding Pack

PF1 Interface
Plate

Upper Outer
Intercoil Structure ¢ Upper Inner
(UOTS) (Top) Prtercol

Structure
PF2 Interface
Plates

WV and Thermal Shiels
Outer Support

\
Stub for

PF3 and PF4 —>
Support

Precompression
System

835

Intermediate

Structures (I0IS) '

Outer Intercoil

Coil Case

Lower Inner Winding Pack
Intercoil

ws  Inner LegCrossSection @

Gravity Support
(6s)

PF6 Interface
‘— Plﬂfe

Lower Outer

Intercoil Structure

PF5 Interface (UOLS) (Bottom)
Plates

Winding Pack
Assembly




TF Coil Nb,Sn Reaction Heat Treatment

' TF coils

The experience on heat treatment
gained on TFMC is quite relevant to
the full size TF coils



ITER CS Conductor

Figure 1 from T Hemmi et al 2013 Supercond. Sci. Technol. 26 084002
$32.6

JK2LB Jacket

e

B °

Sub-cable wrapping

Major parameters of CS

Outer jacket square 49 mm
Inner jacket diameter 32.6 mm
ID/OD of central spiral 2.0/9.0 mm

Cabling pattern

(2SC + 1Cu) x 3 x 4 x
4%6

Twisting pitch

45/85/145/250/450 mm

Cable wrapping

Void fraction of cable
area

33%




= Final cable covered by steel wrap

= After final wrap, cable ready for
insertion and compaction into jacket

Final stage (5th) cabling around central spiral

= Welding and inspection of circular
and square extruded tubes

Thousands of tubes to be produced and welds to
be made and inspected to find/repair defects...




Central Solenoid Colls

CS stack, 6 modules, supports and precompression flanges

He inlet manifolds

L

N

!P
7
3
\

§ l}
Ve /{
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/]

. Vertical

* .
*, precompression
*

flanges

Lower centring

Single CS *mechanism

Module



ITER Central Solenoid Fabrication




PF Coils

P6 coil and supports

conductor
winding

. He
inlets




PF Coil Winding

Proposed winding scheme by EU
DA: call-for-tender for manufacture
of PF2-PF5 is in progress, supply
contract to be placed in early 2011

Winding tooling prepared by RF DA for
PF1 double pancakes: insulating and
impregnation equipment & devices
have been designed and procurement
is in progress



PF Coil Fabrication

Aligning
columns




Correction Colls

320kAT

e Opposite pairs in anti-
series

* 9 independent sets

200kAT

e correct toroidal and poloidal
harmonics in poloidal field

320kAT



HTS Current Leads for ITER

= Application of HTS current leads saves ~ 25 % of the total cryogenic power needed
(18 kW at 4.5 K)

= Large R&D program initiated in EU to develop a 70 kA HTS current lead

= Program successfully completed in 2005 by test of a 1:1 prototype in the TOSKA facility
(Karlsruhe)

Cold end clamp contact

HTS module

[R. Heller et al., IEEE Trans. Appl. Supercond. 15, 1496-1499 (2005)]



HTS Lead Status

» ASIPP, CN manufactured a pair of 60kA HTS trlaI Ieads tested
in December 2008. #s&

W

Views of 68 kA ITER TF Current Lead



Magnet Feeder System

» Magnet Feeders include

—Containment ducts,

—NbTi CICC busbars,

—Supplies (instrumentation, He lines)
—expansion boxes and terminal boxes
—Ag-Au(5.4%) BiSCCO 2223 HTS
current leads.

Detail of CC Coil Feeder

He inlet
HTS mochube
: g

l Hecd wrcharnge e BT end

v - b ,. y
] \ Clamp comtaet  TIOWRHC RIS N S, Selden) e
o PRGOS WHTHEINT Gesew veittent

68 kA HTS Prototype
Lead Developed by FZK

Alar 2009 P 6

ITER Feeder System



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

P00 0 0555055k
=

5| Cable Central
o] Channel
CBE-72

1

W11

141
Feeder C57

PF1 V17
PF2
PF3
PF4
PF5
PF6
AT
X :V23 83
A C84 fP V25
ca2 Y24 ca1

Inner

Le

:25g L283g
pipes .
C1-25 sy
C85 86 87 -




Joints and Hydraulic Connections
ITER TF Coll

Electric Helium
Joints inlets/outlets:
high voltage
HV breakers
High voltage and

sensors wiring

Very stuffed region, insulation must be applied by hand, typically resin wet glass/polyimide &
pre-made G10 sleeves... high risk area... intermediate Paschen tests (or equivalent) needed to
check quality of insulation between assembly steps




n:-
TECEL(OW& YBCO High Temperature Superconductor is an ol

_conmeovenexcellent High Field Superconductor

* 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.

10% T

HTS Range

103 +

ere innovation in magnet
technology can potentially
“\ YBCO: B 1 Tape plane have a great impact on

Tape Plane

102 o/ IR Cs “% | ~9+ YBCO: B L Tape plane future fusion devices.
r Operating J \\ Hngh -J. Nb.Sn
F ) h ==O==Nb3Sn: Internal Sn RRP®
\\ﬁ i

==+=NbsSn: High Sn Bronze

-('*..

K I Y . -

Bronze Nb;Sn

Whole Wire Critical Current Density (A/mm?, 4.2 K)

LTS Range === Nb-Ti: LHC 4.2 K
\ <<%+ Nb-Ti: Iseult/INUMAC MRI 4.22 K
10 SN ""
0 5 10 15 20 25 30 35 40 45
Applied Magnetic Field (T April 2014

http://magnet.fsu.edu/~lee/plot/plot.htm 34




Magnet Conductors so far....

2. RRP (150/169 design) very high J. Nb,Sn 70650000C
conductor- thousands of few um dia. Nb 300000
filaments in pure Cu converted to ~ 40 um
filaments after reaction with Sn cores, easily
cabled to make 10-20 kA conductors

2 um Ag
1 um HTS
~30 nm LMO
1. Nb47Ti conductor- thousands of 7 20um Cu ~%Olgr?,mH?én:|sef,;g'\égo
8 um dia. Nb47Ti filaments in pure ciesa
Cu, easily cabled to operate at A T
<0.1 mm BTy ) A A A
10-100 kA - 750pm Hastelidy substrate <., 17 4
e »j,g»’,i ..}}7,' BN S T B R P e s A B ,.». ;’

4. REBCO coated conductor — highest J_. obtained by biaxial texture
developed by epitaxial multilayer growth

5. Bi-2212 — high J. without macroscopic texture! The first HTS
conductor like an LTS conductor.

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

10/15/2014 Courtesy of David Larbalestier, ASC-FSU
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Eanensovs BCO Tape (2" Generation-HTS)

o SuperPower (Latham, NY) uses a reel-to-reel system for
tape production

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

J\ }r‘».‘\'y.)v’\"hi tai ?1‘""["1” =%
[

f N\A‘ \ 0‘7"' A A.M r'J-‘ . _‘!

20 mCu-

10/15/2014
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» Good properties in high magnetic field at 4K
* Round wire allows cabling for higher operating current

N e32 331550

R A
B R A
] 3332
L AT

O
I\EIC

« Can YBCO coated conductor tapes be made in round wires?

10/15/2014 Joseph V. Minervini 37
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State of the Art

e HTS maintain substantial
J. at 20-30 K.

* There has been _
continued and substantial
improvement in

o properties in recent years
20K but funding for

o development is in steep
o decline.
=060k e Other Interested parties:
::ZE « High Energy Physics
ek « NHMFL

« NMR

20

« Power Applications (3000
km of YBCO tape recently
SuperPower 's YBCO coated conductor (external ordered for LG power

magnetic field applied perpendicular to the tape surface). cable in S. Korea.
Data courtesy Aixia Xu, ASC@NHMFL 3/4/11

Field, T

10/15/2014 Joseph V. Minervini 38
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« HTSisa ‘game changer’ opening up new opportunities
for MFE: (Gap-8, ReNew Thrust 7)

- high performance leading to very high plasma field (Gap-2)
> Fusion Gain ~ B3, Power Density ~ B* (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 leader ship in accelerated fusion energy development

Gaps

G-8 High-B magnets

—— New magnet R&D

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

Next 10 years

HTS high B, > 20 T
Superconductor coils

G-4 Control at high Q,,

G-5 Predict & avoid damaging
off-normal events

G-7 RF launchers & coupling

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

Steady-state
Compact
FNSF/Pilot

G-9 Tame PMI & heat exhaust

G-10-15 Integrated fusion
materials & components

N

/

!

New magnet R&D []

Demountable HTS coils &
Modular replacement
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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)

10/15/2014

Joseph V. Minervini

10000 —
— i — ITER Cryogenic Refrigeration Requirements
1000 ——100W =
= ——TkW Heat Load Temperature Wall Power
g— Tk —— 100 kW[ | QwaII/Qin
¢ = — - 65 4.5 180 11.7
H““-«____q___«__h +
10 1300 80 9 11.7
1
0 10 20 30 40 50 60 70 80
Top [K]
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Large-Scale TSTC Conductor Concept

Basic conductor

Ref. 10 (2008), 4 (2012), 11(2013)
Twisted stacked-tape cable in around tube

CICC mockup of TSTC conductor

12 mm x 12 mm, copper diameter 9.5 mm

- 3 channel cable
Cross-section and a twisted stacked-tape conductor

Multistage conductor
3x3 cable and 12 sub-cable conductors

40 YBCO tapes

88

X

B

NS
QI

X0

/Y

20 YBCO tapesin each helical
groove (Total 60 tapes)
Supercon H-Channel TSTC Conductor

3x3 cable 12 sub-cable

Self field
degradation
Is reduced.

12 sub-cable conductor

40 tape H-channel dual-stack cable 16



Large TSTC Conductor Current Capacity

I .. ] Ref. 3 (2014), 6 (2014)
Estimated currentsand current densities of various conductors

Basic cables composed of 40-tapes
Calculation based on Super Power tape, thecritical current (193A) at 16 T and 4.2 K

Current |Current Density| Conductor |Conductor Cross-
Conductors| at 16 T, (A/mm?) Diameter Section

4.2K (kA) (mm)
Basic cable 7.7 273 6.0 @
3subcable| 23.2 175 13
3x3 cable 69.5 113 28 .

Multi-stage cables
12 subcable| 92.7 205 24
H-channel cable

H-channd 1.7 109 9.5
basic cable
3-channel | 232 151 14 N 3-channel
basic cable Y CICC cable




TSTC for Magnet Application

o . Ref. 3 (2014)
Critical current and current density

Calculations based on 4 mm width, 40-tape TSTC conductor
with SuperPower AP Tape (Tape | =235AatB=12T, I,=170AatB= 20T)

Achieved I Overall J.

C
TSTCtested at KIT 5KA 70 A/mm*
9.5 mm Dia. Cu sheathed (B=12T) (B=12T)

Potential . Overal J,
TSTC
9.5 mm Dia. Cu sheathed 9.4 KA 133 A/mm*
TSTC tested at KIT (B=12T) (B=12T)
6.8 kA 96 A/mm*
(B=20T) (B=20T)
Single stack 6.8 kA 241 Almm*
6.0 mm Dia. (B=20T) (B=20T)
H-channel dual stack 6.8 kA 107 A/mm°®
9.0 mm Dia. (B=20T) (B=20T)
STTW
Stacked tapes sandwiched 6.8 kKA 203 A/mm*
with two Cu strips (B=20T) (B=20T)
6.5 mm Dia.




REBCO Cable Termination M ethods Developed
YBCO-BSCCO Termination

YBCO Tape Cable

2 B e e 2
BSCCO Tapes : ;7 ___“il;"!!h L
Copper Tube l e e e ) ) )
K/,;/ Tape termination resistance
e Average 920 nQ2
L s Standard deviation 270 nQ

//' BSCCO Tapes and YBCO Tapes

\
\/&Sold cred Joint Section

Encapsulated in Copper Tube
for Connection to Copper Lead

YBCO YBCO joint tapes
termination tape

/Copper tube
TR I Tape joint resistance
\ Average 430 nQ
IR Standard deviation 50 nQ2
A

Formmer between YBCO and YBCO tapes

Folding-Fan Soldered Termlnatlon

Tape joint resistance
Average 238 nQ
Standard deviation 59 nQ
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Technology & Demountable TF coils:

Engineering Division

Vertical replacement of internal components

e Faster and easier than
sector maintenance

e LLower tolerances in
fabricating parts

e Better alignment in
plasma facing
components

e Vacuum vessel
fabricated off-site




Technology &
Engineering Division

Electrical joint: resistive terminations linked

with auxiliary plate




PSI(C ir
Technology & Top mechanical support: triple dovetail

Engineering Division

Top TF leg slides in vertically inside
inner leg. This dovetail supports
bursting radial force

Inner TF legs supported by
wedging, not bucking

Inner TF leg

Auxiliary part slides in radially
between TF coils. Double dovetail
supports vertical force and also first
dovetail socket




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

Test Yield Tensile Elongation Reduction
Alloy Temp  Strength Strength (in 13 mm) of Area
K MPa MPa % %
295 516 1104 56 49
As 77 737 1518 64 50
Haynes Rec'd 4 860 1675 95 45 /\/
242 295 1098 1527 34 30
2.35 mm ]
Aged 77 1264 1863 28 23 YS 1100_1500 MPa
316 LN As 295 372 700 54 59 UTS: 1500-1900 MPa
Mod Rec'd 4 1132 1555 42 36
1.5 mm 295 396 733 51 58 /\/
Strip Aged 3 1168 1507 o Ly /\/
316 LN As 295 340 678 55* 59
Mod Rec'd 4 1081 1529 49+ 34 213YS: 733-1000 MPa
2 mm 295 348 689 51** 59 1, UTS: 1000-950 MPa
Aged i
* Failed at Gage Marks /\/
** Elongation in 25 mm Gage length
Nitronic 50 Yield [Toughness
TABLE 2. Tensile Test Average Results Alloy Condition | Strength Kic(J)
Ultimate MPa IMPa*m”0.5
Heat No.and  Test Temp. Specimen No. of| ;::«I:lgth g:;r;;lge(h Elongation (l’lreduchon 242 AR 860 >200
Material ID  (K) Orientation  tests (MPa) (MPa) (%) Area (%) 2.35
Al1371Slab  295° L 1 482 779 46 73 mm Aged 1340 142
A11399 Slab  295* L | 526 803 47 75 316LN AR 1132 >170
116529 Sla 295 % 4 h h
Gl6520 Hoad 295 L s | e » 1.5mm _ Aged 1168 164
A11371Slab 4 L | 1540 1862 8 1 316LN AR 1080 193
AlI0oShy 4 L L i s 1 ié 2mm _ Aged 1099 182
Al11399 Slab 4 T I 1395 1738 9 1 316LN AR 1284 159
G16529 Slab 4 L 6 1326 1742 26 42
G16529 Head 4 45° 6 1264 1695 30 36 3 mm Aged 1202 90

49
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Engineering Division

e Strain in tape critical factor

Choice of structural materials

— Determined by stress in
structure and difference in

thermal expansion:

gTape o

O

_ Structure

E

Structure

cooling

e Other important issues:

strength, toughness,

ductility

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




PSIC Strain in tape is limiting factor IMlir

Technology &

engnering bivison FOF Many interesting structural materials

0.6 | e _ O-Structure . Ag
Tape ~— E cooling
| Structure
Lol ¥ Ag _Alg, Al
Cooling ~—

300K I—300 K

0.4

SS 316LN the best of

Tape Tensile Strain [%]

e T these materials
——SS 316LN
" 1 —Inconel X750 th ]
< —— Haynes 242 0™ order max stress:
—CSUS-JN1 860 MPa
I — - Tungsten
0.1 ¥ — - Aluminum
| — - Zylon 90% With more realistic coil
0 —# L NanoTubes composition:
0 0.2 0.4 0.6 0.8 1 12 690—740 MPa

Tensile Stress in Structure [GPa]



DSTC [Ty
Technology & Acceptable stress levels in the structure at 20 T

Engineering Division

10

Winding pack: < 500 MPa
Most of structure: < 700 MPag

High stress areas (>700 MPa) —
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Engineering Division

Other Large Scale Applications

10/15/2014 Joseph V. Minervini 53
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Engineering Division
 MRI - largest commercial application

 High energy and nuclear physics accelerators
and detector magnets

e Laboratory scale magnets

* Proton beam radiotherapy magnets
— (new application)

10/15/2014 Joseph V. Minervini 54
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Engineering Division

’ w157 m3T w7 T lOpen&SpeciaItyv
=l
I

1.2

1.0

— i
08 - L
0.6
0.4
0.2
0.0 |

2010 2011 2012 2013 2014

Normalized Global Sales of New MRI

10/15/2014 Joseph V. Minervini 55
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MRI Magnets

Modern systems are actively shielded using superconducting coils

— no magnetic shielding

Shim lead

Instrumentation - _

Shiclding

coils

__-Current leads

_-Cryocooler w/ recondenser

.Suspension

Superconducting
shim coils

_Helium vessel

_Thermal shield

_ Vacuum vessel

Main coil
assembly

Spaces for

passive shims’

Patient table

h 1

o _' ~ RF body coil

. =l " RF shield
Gradient coil -~~~ 7
assernbly " Main gradients
" Shield gradients
Shim coil .
coxr e - Moving
swilches - sietal. codl

Main switch & —

quench protection

10/15/2014

Joseph V. Minervini 56
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Engineering Division

Now systems as high as 11.7 T have been built, with plans for even higher field (14 T?)

Agilent
(L = 3.66 m, weight ~60 tons) uses 572 km of NbTi IseulyNUMAC
wire-in-channel operating below 2.5 K (the passively CEA Saclay, France
shielded, magnet fringe field extends 21 m x 27 min (90 cm bore, actively shielded)

the absence of room steel)

Cost: 137 MEuro over 8 years
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Technology & HEP Accelerator Dipole

Engineering Division

« Large Hadron Collider (LHC) at CERN uses NDbTI
dipoles and quadrupoles operatingat8 T, 2 K
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PSIC it
Technology & HEP Detector Magnet

Engineering Division

« Large Hadron Collider (LHC) at CERN uses NDbTI
In the ATLAS and CMS Detector Magnets

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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PSIC it
Technology& HEP Detector Magnet

Engineering Division

« Large Hadron Collider (LHC) at CERN uses NDbTI
In the ATLAS and CMS Detector Magnets
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PSIC it
Technology& HEP Detector Magnet

Engineering Division

« Large Hadron Collider (LHC) at CERN uses NDbTI
In the ATLAS and CMS Detector I\/Iagnets
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Technology & N b SS n

» High field NMR

 High energy and nuclear physics accelerators
— LHC luminosity and intensity upgrade

* Proton beam radiotherapy magnets
— (new application)
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PSIC | Hir
Technology & HEP Accelerator Dipole

Engineering Division

« Large Hadron Collider (LHC) at CERN plans to
use Nb,;Sn quadrupoles for a luminosity upgrade
(HiLumi), followed by Nb,Sn dipoles for an
Intensity upgrade.

L\ CIT'\? Luminosity
sy LHC

The HiLumi LHC Design Study is included in the High Luminosity LHC project
and is partly funded by the European Commission within the Framework
Programme 7 Capacities Specific Programme, Grant Agreement 284404

CAPACITIES
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Technology &
Engineering Division

Hadron Radiotherapy Cyclotrons

e 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.

e 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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PSIC .
Technology&. lon Beam Radiotherapy

Engineering Division
Challenge... Proton Facilities are very expensive
relative to Photons

o Protons are 20x the cost of X-Rays
o 1 room ~$50M
o 3 rooms (IBA Jacksonville below) $150M
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PAIC Conventional Proton Therapy Cyclotron it

Technology &

Engineering Division

Gantry Weight ~90 t
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Technology & Carbon Radiotherapy at Heidelberg

Engineering Division
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Technology & Accel Superconducting Cyclotron

Engineering Division

ACCEL °*°

250 MeV
Superconducting
Proton Cyclotron
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Mevion S250

Cyclotron Weight ~25 t
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Technology & HTS (B SCCO'2223)

Engineering Division

 AC power transmission
e Superconducting fault current limiters
* Electric motors and generators
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Technology & Electric Power Grid Applications

Engineering Division
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=maoys  Electric Power Grid Applications

" — Superconducting Fault
Current Limiter (SCFL)

35 MW uprcondcting motor
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Technology & HTS (M g B 2)

Engineering Division

 DC superconducting power transmission
« Open MRI magnets
 Small research magnets

Mr Open The MRI 0.5T cryogenic free magnet
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Technology & HTS (Re B CO)

Engineering Division
 DC superconducting power transmission
o Small research magnets
 High field research magnets

* High field DC hybrid magnets
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Engineering Division

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

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

e 3 way collaboration
— Tsinghua University, Beijing
- MIT
— University of Cambridge, UK
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Technology & Heat Exchanger and Leads Cryostat

Engineering Division
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Technology &
Engineering Division
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Technology & Summ ary

Engineering Division

LTS conductor technology is very advanced for fusion
magnet applications (both NbTi and Nb;Sn).

* 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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