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The main incentive to develop a high field dipole (HFD)is to use it in a high energy particle accelerator. CERN LHC program inspired a broad range of work towards the Nb3Sn high field dipole. Nb3Sn has larger critical current density at 10 T and 4.2 K than NbTi at 1.8 K. Main drawback is brittleness that prevented people from extensive using of Nb3Sn wires to build accelerator magnets

Groups that Participate in a High Field Dipole Development

· Brookhaven National Laboratory, USA

· Lawrence Berkeley Laboratory, USA

· Texas A&M University, USA

· CERN, Switzerland.

· University of Twente, Netherlands

· CEN, Sacley, France

· ELIN, Austria

· more

Main design approaches:

1. Cos ( coil design approach;

2. Block coil design approach;

3. Pipe magnet approach

Main production steps:

1. insulation and winding;

2. heat treatment;

3. joints;

4. impregnation;

5. collaring;

6. yoke installation and preloading.

Wire production:
3 types of wire processing: 

-PIT;

-bronze process;

-internal tin process.

The CERN requirements to conductor – 

2000 A/mm2 at 10 T 

filament diameter – less than 5(m. 
PIT technology allows more than 2000 A/mm2 at 10 T , but filament diameter – more than 20 (m.

Bronze technology can provide 2.5 (m of a filament diameter, but critical current density is about 1000 A/mm2. 

Bronze wire is springy and hard to wind. Winding tooling must be placed in an oven.

Heat treatment

Mentioned treatment temperature range – 650 (C – 950 (C

Used time and temperatire range – 

from one-step, 100-hour-treatment at 650 (C

to four-steps treatment (550 hours) with maximum temperature 740 (C.

Insulation problems

Must be reliable, convenient, cheep, comparable with impregnation process, must withstand backing temperature, must have satisfactory thermal conductivity. 

S2 fiberglass is usually used (may be with combination with mica-glass), but it can not withstand recommended temperature. 

Glass-ceramic mix technology that was proposed at LBL seems to be promising.

Wire dimensions can change after reaction.

Splices

One of the most unreliable parts of a magnet. Requires very close attention.

1. must be installed after heat treatment because of using a solder and NbTi wires.

2. must have very low resistance (< 1 nOhm at 4.2 K and maximum field)

3. must be mechanically stable.

Impregnation

Should protect coil wire from mechanical stresses. 

Must have:

-low viscosity, 

-good mechanical properties after curing, 

-good thermal conductivity.

Must be comparable with all materials used for coil manufacturing.

Young modulus of a coil after curing should be measured in order to apply proper prestress.

End parts of a coil should be equipped with filler blocks that can support end parts of a cable during prestress and when Lorenz forces are in action. Because of wire cross-section distortion and length change after heat treatment, it is a problem to provide a proper support for end parts.

Collaring

Collar provides preliminary prestress for cosine coil. The prestress provided by a collar can be within a certain range. It must be large enough to compensate thermal contraction during cooling, but it must not exceed allowable limit for conductor. Critical current degradation in a cable under the transverse stress is what is necessary to take into the account at an every step of a magnet assembly. The variety of a collar designs:

· two halves with a key,

·  ring shaped shrink fitted collar,

·  Kevlar epoxy winding,

·  other decisions are possible.

Yoke

Must keep a return flux. At the 10 T field level, with 2T saturation limit, for 50 mm bore it is required at least 250 mm of the total yoke thickness. It results in at least 400 mm of total magnet width.

Must provide needed prestress. Problem is to keep the prestress within a certain limits through the total process of cooling down and energizing. 
Different solutions were suggested: two halves with and without gap; two halves with Al spacers. Different techniques for compression: bolts through the yoke body, stainless steel welded shell, aluminum alloy shrinkable cylinder, wire bandage.

Tables below compare Nb3Sn dipoles buit at different time by different groups.

The progress in Nb3Sn dipoles development can be seen fron the chart following the tables. 
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High Field Nb3Sn Dipoles

1
Center
BNL
CEN, Sacley, France

2
Year
1976 - 1979
1979 - 1982

3
Model
React and Wind tecnique


4
Main Parameters:

· max field

· current

· stored energy

· bore diameter

· outer diameter

· length
4.8 T @ 4.2 K


5.3 T (6 T design)

5550 A  (6300 A design)

100 kJ

90 mm

0.64 m

5
Wire parameters:

· type of process

· structure

· critical current

· manufacturer
Bronze (Cu+13% tin+Ta)

1000 filam. ( 4 (m

Airco Lab, and MCA
Bronze

4675 fil. x ( 3 (m, Ta, 35% Cu

MCA

6
Cable parameters:

· # of wires

· cross-section

-     critical current
97

16.5 x 0.7 mm2

( 0.7 mm x 23

1.2/1.4 x 7.8 mm2

5700 A @ 8 T & 4.2 K

7
Coil parameters:

· type of coil

· # of turns

· 
Cos ( (parallel turns)

116 ?
Cosine, 2 layers

8
Insulation:

· structure

· 

Glass ribbon

9
Heat treatment:

· regime

· invironment
React and Wind

100 hours @ 700 (C 

inert atmosfere
660 deg. C

10
Splices


Preformed braids 

Soldering  (( 1 nOhm)
Soft solder between layers. Nb-Ti at the ends

11
Impregnation

· epoxy mix

· filler

epoxy

12
Collaring:

· type of collar

· prestress

· end support



14
Yoke:

· type of bandage

· prestress

· longitudinal force

· 



High Field Nb3Sn Dipoles

1
Center
ELIN (Austria) - CERN
BNL

2
Year
1986 - 1989
1988 - 1991

3
Model

Wind and React

4
Main Parameters:

· max field

· current 

· stored energy

· bore diameter

· length

-     outer dismeter
9.5 T @ 4.3 K (10 T des.)

16.6 kA (17.4 @ 10.2 mir)

370 kJ

50 mm

1 m

550 mm
8.1 T (9.8 T design field)

4350 A (5800 A design)

80 mm

508 mm

1 m

5
Wire parameters:

· type of process

· structure

· critical current

· manufacturer
Two types of wire

Bronze

50,000 x ( 2.56 (m

1300 A/mm2 @11 T, 4.2K

38 % Cu
Modified Jelly Roll (MJR)

6
Cable parameters:

· # of wires

· cross-section

· critical current
( 1.37 mm x 24

2.2/2.7 x 16.8 mm2
18 kA @ 11 T
254

6000 A @ 10 T

7
Coil parameters:

· type of coil

· # of turns

· 
Cosine, 2 layers

Av.Cur.Den.– 480A/mm2
4-layer cos (

8
Insulation:

· structure

· 
Glass
S-glass

10 mm width, 0.1 mm thick, half-lapped

9
Heat treatment:

· regime

· invironment
144 hours @675 deg. C 
200 h @ 220 (C, 48 h @ 340 (C, 24 h @ 580 (C, and 150 h @ 650 (C.

10-3 mmHg Argon atm

10
Splices


Nb-Sn – Nb-Ti. Brazing
Preshaped Nb-Ti cross-connectors at the ends 

11
Impregnation

· epoxy mix

· filler
epoxy


12
Collaring:

· type of collar

· prestress

· end support
Al collar. Shink-fitted


Kevlar epoxy winding



14
Yoke:

· type of bandage

· prestress

· longitudinal force

· 
Shrinkong Al cylinder.

Open gap.

Bolts.


High Field Nb3Sn Dipoles

1
Center
Univ. of Twente. Netherl.
LBL

2
Year
1993 - 1997
1993 - 1997

3
Model
MSUT
D20

4
Main Parameters:

· max field

· current 

· stored energy

· bore diameter

· length

-     outer diameter
11.27 T @ 4.4 K

18.6 kA

50 mm

1 m

395 mm
12.8T@4.4K/13.5T@1.8K

6300 A (6712 @ 1.8 K)

50 mm

1 m

812 mm

5
Wire parameters:

· type of process

· structure

· critical current

· manufacturer
PIT, ECN

192 x (40 (m


Internal tin (43 % Cu)

TWCA and IMGC

6
Cable parameters:

· # of wires

· cross-section

· critical current
33 x (1.26 mm

1.97/2.21 x 21.8

17.7 kA (operating)
37 x (0.75 mm

1.37 x 14.45 

6009 A @ 13.4 T

7
Coil parameters:

· type of coil

· # of turns

· Joung modulus
2-layer, cosine

18 – 20 Gpa after compr.
4-layer, cosine

38 GPa

8
Insulation 


Sheet of a mica-glass tape along the cable wounded with glass tape.
Fiberglass sleave

9
Heat treatment:

· regime

· invironment
680 deg. C

Vacuum
680 deg. C (740 recomm.)

Argone. Prelim treatm.

10
Splices


Copper plate wound with reacted Nb-Sn wires. Ag/Sn solder. 1.5 nOhm
Copper fixture; Pb-Sn solder; resistance heater, 130  mm long, 1.3 nOhm

11
Impregnation

· epoxy mix

· filler
CIBA GEIGY MY740/...

6 hours at 55 C
CTD-101

12
Collaring:

· type of collar

· prestress

· end support
Shrink fitted ring

65 MPa
Elliptical shape, st. steel



14
Yoke:

· type of bandage

· prestress

· longitudinal force


Open gap

Stainless steel cylinder

140 MPa

8 20 mm rods


Al spacers

25 mm thick St. steel shell 

110 MPa

10 end loading bolts

High Field Nb3Sn Dipoles

1
Center
LBL
LBL

2
Year
1982 - 1985
1994 – not finished

3
Model
Block-design
Block design

4
Main Parameters:

· max field

· current 

· stored energy

· bore diameter

· length

-     outer diameter
8.0 T 

50 mm

1 m

600 x 600 mm2
16 T

9300 A

4.36 MJ/m (for 2 bores)

2 x 50 mm

400 x 450 mm2 twin-bore

5
Wire parameters:

· type of process

· structure

· critical current

· manufacturer
Internal tin

50 % Cu

1200 A/mm2

IMGC


6
Cable parameters:

· # of wires

· cross-section

· critical current
Anneald before winding

?? x (1.7 mm

3 x 11 mm2

975 A/mm2


7
Coil parameters:

· type of coil

· # of turns

· Joung modulus
Pancake; 10( slope at the ends; tension – 425 N.


Pancake; 

8
Insulation 


Type S fiberglass
Inorganic matrix: glass ceramic mixture. E-glass envelope

9
Heat treatment:

· regime

· invironment
200 hr @ 200(C, 24 hr @ 375(C, 240 hr @ 580(C, and 100 hr @ 700(C


10
Splices


500 mm length; Solder Sn-Ag-Sb-Pb


11
Impregnation

· epoxy mix

· filler
12 hr backing, epoxy: Epon826+Der736+Tonex

21 hr curing


12
Collaring:

· type of collar

· prestress

· end support
SS and Al clamping structure: 34 MPa
No collars

14
Yoke:

· type of bandage

· prestress

· longitudinal force


No steel yoke ?
Frame yoke

200 MPa
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