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Nb3Sn Accelerator Magnet Development in Europe

Gijs de Rijk

Workshop on Nb3Sn Rutherford cable 

characterization for accelerator magnets

CIEMAT

16th November 2017
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Collaboration and exchange

• Nb3Sn technology for accelerator magnets was and is being developed in steps at different places

• Some steps have been or are being taken in the US

• Some steps have been or are being taken in Europe

• It would be scientifically wrong to talk about the European programs and results as if done in pure 

isolation

• Collaboration and exchange have in fact allowed us to move to magnets usable in accelerators  

3
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High Field accelerators magnets, the state of the art

NB. HFM is a imprecisely 

defined term:   It is mostly 

used to indicate magnets 

at a field level we do not 

yet have
4

• Maximum attainable field slowly approaches 16 T

– 20% margin needed (80% on the load line): for a 16 T nominal field we need to design for 20 T
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The early Nb3Sn era I, LHC options: 1988-1995

5

CERN

In 1986 Nb3Sn was still considered an option for the 

10T LHC  magnets.  

The magnet by A. Asner & R. Perin in 1989 went up 

to 9.5 T at 4.3 K. 

It used a 17 mm cable an a wind and react 

technology.  

A single coil in a mirror reached 10.1 T.  

Many problems though remained in the fabrication

S. Wenger, A. Asner, F. Zerobin, 

IEEE Trans. Mag, 25(2) 1989

Twente

In 1995 Twente constructed the MSUT that was 

powered up to 11.3 T.

It had a 50 mm bore, graded, 33 PIT strand PIT cables 

with 192 filaments.

This magnet showed that fields above 10T are feasible.

A. den Ouden, H. H. J. ten Kate et al., in Proc. of 15th International Conference on 

Magnet Technology, Eds. Beijing, China: Science Press, pp. 137-140, 1998. 

Example: propagation in 11T-MSUT Dipole Magnet (1995) 

Features:  11.3 T/18.6 kA at 4.4 K, 50 mm bore, 1 m long, 130 MPa,  

        192 filaments,  33 PIT strands R-cable, fully impregnated. 

NZ propagation velocities were measured and are according adiabatic 

case: ~ 30 m/s in strands and ~ 1 ms turn-to-turn. 

14 

Example: propagation in 11T-MSUT Dipole Magnet (1995) 

Features:  11.3 T/18.6 kA at 4.4 K, 50 mm bore, 1 m long, 130 MPa,  
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The early Nb3Sn era II, Mixed results (1995-2004) 

CEA quadrupole

• A 210T/m @ 4.2K Nb3Sn quadrupole as 

alternative to the Nb-Ti @ 1.9K design

• A very difficult construction with collars done 

like for the Nb-Ti version

• Lots was learned, only one was built, it did not 

reach nominal field.

FNAL 10T program for VLHC (HFDA)

• Several magnets were built, reaching after long 

training 10T at 4.2K Rediscovery of                       

conductor instabilities

• Tough to fabricate !

6

 4

model.  The model relies on the same coil geometry as the LHC 

arc quadrupole magnets, but has no iron yoke [29]. It will 

produce a field gradient of 211 T/m at 11,870 A. 

As of today, the main design choices have been made and the 

procurement of the main parts has started [30].  About 60% of 

the manufacturing drawings are completed and more than 50% 

of the budget is engaged.  Test cables for two dummy poles 

have been delivered as well as the first components of the 

winding tools.  Practice winding is expected to start in 

December 2003 and the magnet should be ready for cold test in 

the spring of 2005. 

In parallel, CEA/Saclay is pursuing, in collaboration with 

Institut Européen des Membranes (IEM) of Montpellier, France, 

the development of an innovative insulation scheme for “wind 

& react” Nb3Sn coils [31].  This insulation is based on a 

pre-impregnated fiber tape wrapped around the cable prior to 

winding and should eliminate the need for a 

vacuum-impregnation by epoxy resin after coil heat treatment. 

IV. NED PROGRAM 

A. ESGARD Initiative 

In October 2002, the European Committee for Future 

Accelerators (ECFA) set up the European Steering Group for 

Accelerator R&D (ESGARD), chaired by R. Aleksan, 

CEA/Saclay, with the mandate of preparing a coherent set of 

bids to apply for EU funding.  The first outcome of ESGARD is 

the Coordinated Accelerator Research in Europe (CARE) 

proposal of Integrated Activities (IA), which was submitted to 

the EU on April 15, 2003.  The proposal was accepted in July 

2003, after reviewing and ranking by a panel of experts across 

the fields of science, and is now being amended to meet the 

funding profile allocated by the EU.  The contract is expected 

to be signed mid-November and the various activities it 

encompasses could start on January 1, 2004. 

The CARE project integrates all HEP-related accelerator 

R&D in Europe and is supported by more than 100 institutes.   

It is made up of 3 Network Activities (linear colliders, neutrino 

beams and High Energy High Intensity Hadron Beams or 

HEHIHB) and 4 Joint Research Activies (JRA’s) aimed at 

developing specific hardware pieces or systems.  The HEHIHB 

network includes a work package entitled Advancements on 

accelerator Magnet Technology (ATM) that will be 

coordinated by L.Rossi (CERN), while one of the JRA’s, 

nicknamed NED (for Next European Dipole), will focus on 

high-field accelerator magnet R&D.  The NED JRA will be 

coordinated by A. Devred (CEA/Saclay). 

B. NED JRA Overview 

The initial NED JRA proposal had five main objectives: 

(1) to revisit magnetic and mechanical designs of accelerator 

magnet coils made from brittle materials; (2) to address coil 

cooling issued under high beam losses; (3) to promote 

high-performance Nb3Sn wire development in collaboration 

with European industry; (4) to improve mechanical robustness 

and radiation hardness of Nb3Sn conductor insulation; and (5) 

to put into practice all of the above in a high field (up to 15 T), 

large aperture (up to 88 mm) dipole magnet model that pushes 

the technology well beyond LHC limits.  The proposed dipole 

magnet model served two purposes: (1) assessing the feasibility 

of such a magnet in view of possible LHC luminosity upgrade 

scenarios with radically different IR optics [13], [14]; and (2) 

upgrading the CERN/MFRESCA cable test facility presently 

limited to 10 T (see Section I). 

At the EU request, the proposal has been divided up into two 

Phases: Phase I covers conductor development and includes 

some limited studies on conductor insulation (representing 

about 25% of the initial program), while Phase II is devoted to 

the detailed design, manufacturing and test of the dipole 

magnet model.  The funding of Phase I, which is foreseen to 

last ~3 years, is fully secured, while that of Phase II is still 

uncertain. 

Six institutes have agreed to collaborate to the NED JRA: 

CCLRC-RAL (UK); CEA/DSM/DAPNIA (France); 

CERN/AT (International); INFN-Milano/LASA and -Genova 

(Italy); Twente University (The Netherlands); and Wroclaw 

University (Poland).  This collaboration represents a unique 

and original synergy of efforts among European laboratories 

involved in superconducting accelerator magnet development.  

The EU grant amounts to about 50% of the total expected 

budget of Phase I, the rest of the funding being provided by the 

main collaborators. 

C. Phase I Outline 

The Phase I of NED is articulated around three main work 

packages: (1) Thermal Studies and Quench Protection (TSQP); 

(2) Conductor Development (CD); and (3) Insulation 

Development and Implementation (IDI). 

1) TSQP Work Package: It will be coordinated by G. Volpini 

(INFN-Milano/LASA).  It includes two parts: (1) quench 

protection studies; and (2) heat transfer measurements through 

Nb3Sn conductor insulation. 

Quench protection will be investigated by means of a code 

originally developed at LASA for studies on solenoids [32]. 

 
Fig. 4.  Cross-sectional view of 56-mm-aperture, 210-T/m Nb3Sn quadrupole 

magnet model under development at CEA/Saclay. 
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The early Nb3Sn era III, Some achievements at LBNL (1995-2004) 

Since >20 years LBNL is running a high field dipole development program

Some achievements:

• D20, 50 mm aperture, cos(Q) 4 layer dipole, reached 13.5 T@1.9K 

• HD1, flat block coil, 8 mm aperture, reached 16 T

• HD2, flared end block coil, 36 mm aperture, reached 13.8 T

These pose a clear breakthrough above 10 T with a new coil layout (block coil) and a mechanical 

structure aimed (shell-bladder and keys) at high fields

7

A.D. McInturff, et al., Proc. of PAC 1997, 3212
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The early Nb3Sn era IV, New geometry: Block coils

LBNL block coil designs

• When used with wide coils the field quality is naturally homogeneous

• Not yet used in accelerators

– Is less efficient (~10%) wrt to cos(Q) for quantity of superconductor used

– The EM forces cause a stress buildup at the outside edge of the coil where the fields are lower

– The straight part is very easy : rectangular cable and wedges (field quality)

– ‘flared ends’ look easy but there is little experience making them

8

HD2

Courtesy LBNL 
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The early Nb3Sn era V,  Realizing what the challenges are

=== It should in principle be possible to go up to 16T with Nb3Sn===

But: it will be hard to get there in a reliable way and good enough for an accelerator.

A number of issues were identified:

• High Jc (Jc>1500 A/mm2) conductor is a must to reach high fields

• Conductor instabilities can occur at high current and low fields with certain types of Nb3Sn strands 

(high Jc, thick strands, big sub-elements, low RRR of the Cu stabiliser)

• Insulation is tricky (650ºC reaction cycle)

• Nb3Sn stress (strain) sensitivity can be an issue and is poorly understood

• The coils are very sensitive and fragile

• Construction tooling are critical items, as important as the magnet itself

• Putting a Nb3Sn coil in a pure Nb-Ti structure does not work

• To get up to high fields other coil geometries and force containment / pre-stress structures will be 

needed 

9
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Conductor development (1998-2008) 

after 10 years of development the US and EU development gave us the 

Nb3Sn conductor for HILUMI. 10
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Nb3Sn Conductor specification for HEP

11

Courtesy L. Bottura, B. Bordini

0.7 mm, 108/127 stack 
RRP from Oxford OST

1 mm, 192 tubes 
PIT from Bruker EAS

Between HL-LHC and FCC the Jc

target simply shifts from 12 T to 16 T ! 
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By courtesy of D. Dietderich, LBNL

Basic magnet technology development for HILUMI and beyond (2004-

2013) ; US development evolution

12
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Basic magnet technology development for HILUMI and beyond (2004-

2013/4) ; Europe

European programs

• 2004-2008 FP7-CARE-NED project (Next European dipole)

– European accelerator grade Nb3Sn conductor  Powder In Tube (PIT) conductor now 

available from Brucker

– Various studies on design options and materials

• 2009-2013 PF7-EuCARD-HFM project (High Field Magnets)

– 100mm aperture 13 – 15 T Nb3Sn dipole “Fresca2”

– HTS insert with DB = 6 T (inside Fresca2)

– HTS current link

– Nb3Sn helical undulator

• 2008 – 2014 CERN High Field Magnet project

– Development of Nb3Sn technology magnets for LHC upgrades and new projects (conductor, 

small models, materials, etc)
13
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CERN - European development evolution

14
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SMC (Short Model Coil) 
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Short Model Coil, SMC

15
Courtesy: J-C Perez
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Number Name Number of 

DP

Coil names Condu

ctor 

type

1 SMC#1 2
SMC#1_c_1 IT

SMC#1_c_2 IT

2 SMC#2 2

SMC#2_c_201 PIT

SMC#2_c_202 (not 

produced) 

PIT

3 SMC#3a 2
SMC#3a_c_201 PIT

SMC#3a_c_202 PIT

4 SMC#3b 2
SMC#3b_c_201 PIT

SMC#3b_c_202 PIT

5 SMC#4 2
SMC#4_c_201 PIT

SMC#4_c_202 PIT

6 SMC#5 2
SMC#5_c_101 RRP

SMC#5_c_102 RRP

7 SMC11T#1 1 SMC11T#1_c_101 RRP

8 SMC11T#2 1 SMC11T#2_c_101 RRP

9 SMC11T#3 1 SMC11T#3_c_101 RRP

10 SMC11T#4 201 1 SMC11T#4a_c_201 PIT

11 SMC11T#4 202 1 SMC11T#4b_c_202 PIT

SMC (2)

• 16 SMC coils produced up to now

• Used to learn how to make Nb3Sb coils

– braiding, reaction, impregnation, traces 

• Learn how to design, build and use shell-bladder-

keys structure

• Cold tested to study:

– Mechanics

– Quench behaviour

– Training behaviour

– Cable performance

– Stress sensitivity

16
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RMC3  16T:   first milestone for FCC 16T !

RMC:

Intermediate step towards Fresca2:  “scaled up SMC”

RMC reached 16.2 T (on coil) end summer 2015 at CERN 

Joining LBNL at the 16T record level

17

RMC_03 tested September 2015

Iop=18.5 kA

Bpeak=16.2 T

4.3 K 1.9 K

95-97 % of strand IC

95-97 % of strand IC

Fresca 2 Dipole cable
40 Strands, Width = 20.9 mm

RRP 132/169

PIT 192.

RMC_03 tested September 2015

Iop=18.5 kA

Bpeak=16.2 T

4.3 K 1.9 K

95-97 % of strand IC

95-97 % of strand IC

Fresca 2 Dipole cable
40 Strands, Width = 20.9 mm

RRP 132/169

PIT 192
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EuCARD high field dipole (FRESCA2)

• Diameter Aperture = 100 mm

• L coils = 1.5 m

• L straight section = 700 mm

• L yoke = 1.6 m

• Diameter magnet = 1.03 m

• 156 turns per pole

• Iron post

• Bcenter = 13.0 T

• I13T = 10.7 kA

• Bpeak = 13.2 T

• Emag = 3.6 MJ/m

• L = 47mH/m

Courtesy: Paolo Ferracin, J-C. Perez, Attilio Milanese, Pierre Manil

42

42

36

36

	

• FRESCA2 : a CERN, CEA 

EuCARD collaboration

18

• 13 T bore field (“nominal”)

– ~79% of Iss at 4.2 K

– ~72% of Iss at 1.9 K

• 15 T bore field (“ultimate”)

– 86% of 1.9 K Iss
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Fabrication of Fresca2 coils

Straightforward technology to wind block coils 

with flared ends:

This is a lesson for FCC magnets !

19
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29.3 WINDING OF THE LAYER 3 

A 0.5 mm interlayer insulation made of glass fibre fabric impregnated with CTD binder was 

cut and installed on the layer 4 (Figure 9) and the upper layer is wound over the insulating 
sheet in the same way as for the first layer. 

 

  

Figure 9: interlayer insulation 

  

Figure 10: coil during and at the end of the winding of layer 3. 

 

The Figure 10 shows the coil during winding and at the end of the operation. Figure 11a 

presents the configuration of the voltage taps in the layer 3 and Figure 11b shows the 

alignment of both layers after winding 40 turns. 

Courtesy: F. Rondeaux, J-C. Perez
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Fresca2 : get the 13T FCC milestone in 2017 and then move to 15 T

First test: 13T loading,

then warm up and loading for 15T,

Second test: go up to 15T

20
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FRESCA2 – first assembly - training 

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10

B
o

re
 F

ie
ld

 (
T)

Quench Number

Training curve FReSCa2 - first assembly

FReSCa2 - 1st assembly

Target field this run

1

2-

6
Repaired 

splice

Images by E. Rochepault

1

2-6

12.2 T

21



N
b

3
S
n
 A

cc
. 
M

a
g
n
e
t 
D

e
v.

 i
n
 E

u
ro

p
e
, 
1
6

th
N

o
v.

 2
0
1
7,

 G
d
R

FRESCA2 – second assembly - training (Aug 2017)

With Pre-stress for 13T

• @1.9K in 2 quenches to 13.0 T

• @4.2K in 2 quenches to 13.0 T

• Warm-up cooldown cycle : @1.9K to 13.3T

• Why limit to 13.3T ? 

– Not to damage the coils by pole 

detachment due to lack of pre-stress

Increased pre-stress for 15T

• After a water leak from the bladders a coil-

ground short circuit developed (and stayed)

Plan:  disassemble coil pack from the structure 

and redo the ground insulation, then put the 

pre-stress back ( for 15T ops)

22
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Basic magnet technology development for HILUMI and beyond:  Results

• This phase of development gave us 

– Conductor pre-FCC grade in both US and EU

– Basic coil manufacturing technology close to FCC standard

– New coil and structure geometries 

• 3 milestones

– HD1 & RMC  16T on the coil  (no aperture)     Achieved mid 2015

– Fresca2  13.3T in a large aperture    Achieved mid 2017,   

15T in a large aperture : after short circuit repair : Q1 2018

23
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:HILUMI magnet development (2013-2016)

• HILUMI means new magnets in ~1 km of the the LHC main ring

• The ultimate test-bed for the feasibility of Nb3Sn magnets in accelerators!

24
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New triplet for HHILUMI 

Present 
triplets

NC D1

SC D1

Corrector 
Package

Q1Q2a
Q2b

Q3

D2

Q4
CC

Lower b value in the interaction points : larger apertures needed in the 

triplet of the machine (from 70 mm to 150 mm) 

25
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HILUMI IT magnet zoo
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HL-LHC magnet zoo

Recombination dipole D2 (INFN) Q4 (CEA)

Sextupole (INFN) Dodecapole (INFN)Octupole (INFN) Decapole (INFN)

Approximately 150 single magnets and 50 cold masses for HL-LHC

Skew quadrupole (INFN)D2/Q4 orbit corrector (CERN)

Separation dipole D1 (KEK) 11 T dipole (CERN)Triplet QXF (LARP and CERN) Orbit corrector (CIEMAT)

Courtesy E. Todesco
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LHC IP Quadrupole design and technology evolution
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Courtesy L. Bottura
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HL-LHC:  MQXF low beta Nb3Sn quadrupole

28

A CERN LARP collaboration.

Nominal Gradient 132.6 T/m 

Aperture diameter 150 mm

Peak Field 12.1 T

Current 17.5 A

Loadline Margin 20% @ 1.9 K

Stored Energy 1.32 MJ/m

Spring 2016 the first model achieved the 

nominal and ultimate field at FNAL

A second model in under test at CERN

A single 4m coil is being tested at BNL 

in a mirror structure

By courtesy of G. Ambrosio

(FNAL), P. Ferracin (CERN)



N
b

3
S
n
 A

cc
. 
M

a
g
n
e
t 
D

e
v.

 i
n
 E

u
ro

p
e
, 
1
6

th
N

o
v.

 2
0
1
7,

 G
d
R

Test of MQXFS models 1 & 3

PIT strand (0.85 mm,192)

JC: 2450 A/mm2 (12 T, 4.2 K)

Cu:non-Cu: 1.2

40 strands cable
(18.15 mm x 1.52 mm)

Aperture 150 (mm)

Gradient 132.6 (T/m)

Current 16.47 (kA)

Peak field 11.4 (T)
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Short Model Tests: Quench History

• MQXF magnets can meet gradient & memory requirements

• Understanding safe pre-stress range & application

MQXFS1: ultimate current, 

temperature margin and excellent 

memory

MQXFS3a: Reached nominal, but 

slower than MQXFS1 and 

detraining in coil 7 (recovered)

MQXFS5: Reached ultimate
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HILUMI: The 11T Dipole Two-in-One for DS

• Create space in the dispersion suppressor regions of LHC, i.e. a room temperature beam 

vacuum sector, to install additional collimators (TCLD), (needed to cope with beam intensities 

that are larger than nominal, such as in the HL LHC)

• Replace a standard MB by a pair of 11T dipoles (MBH)

31

Interconnect

11 T dipole cold mass

By-pass cryostat 15660 mm



N
b

3
S
n
 A

cc
. 
M

a
g
n
e
t 
D

e
v.

 i
n
 E

u
ro

p
e
, 
1
6

th
N

o
v.

 2
0
1
7,

 G
d
R

11T Dipole – Main design features

32

• Like the LHC main dipole, the 11 T dipole has a two-in-one structure

• Cold mass length: 6.252 m, weight ≅ 8 t, magnetic length = 5.307 m 

Collar

Removable pole

Loading plate

Filler wedge

Stress relief

Inner layer
(four blocks)

Outer layer
(two blocks)

Shrinking cylinder

Bus bars

Heat exchanger pipe 

Central lamination

Yoke lamination

Collaring key

Cold bore tube

N-line

Support pad

𝛷
5

7
0

 m
m

𝛷 60 mm
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5.5 m long coil

MBHDP101

MBHDP102

Ongoing work and results

5.5 m long collared coils
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Quench number

MBHSP101

MBHSP102

MBHSP103

MBHDP101

MBHSP104

MBHSP105

Nominal

Ultimate

Summary cold power results

 All reach nominal current.

 Excellent performance of DP102.

 Coils pre-trained in 1in1 (SP102 and SP103)  Straight to nominal.

 Exceed ultimate current.

 SP104 slow training to nominal current.

 SP105 fast training to nominal current.

 SP104 and SP105 did not reach ultimate current. Limited at midplane!

[Willering et al., MT25 2017]

Iultimate = 12.8 kA
Inominal = 11.85 kA

Model Imax (kA)

SP101 11.92

SP102 12.8

SP103 12.8

DP101 13.3

SP104 12.3

DP105 12.4

34
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Azimuthal size of coils for 11T and MQXF

• 11 T are consequently over sized, whereas MQXF (aperture about 3 times larger) can be both too 

small and too large.

• Main issue when the coil size varies over the length of the straight section.

HL-LHC 11T Model Coil Prod. HL-LHC MQXF Model Coil Prod.

Branch length

Azimuthal Excess

[J. Ferradas MT25]
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Conclusion from previous and running programs

We now have all the elements in hand to develop 16T magnets:

• 11 T dipoles: we have working models              (at CERN and FNAL)

• 12 T quadrupoles: we have working models      (made together by LARP and CERN)

• We showed 16T is feasible on flat coils (at LBNL and CERN)

• We showed that 13T is possible in a large aperture (CEA and CERN)

But we still have some issues:

• A bit too large coil azimuthal size variation

• Pre-stress for collared structures is not (yet) completely under control

• Inhomogeneity of the (pre)stress over cable width 

• Cable insulation fragility

• Training:  Epoxy cracking, sliding surfaces, non-binding poles, etc

• The margin issue: do we need 10 or 20% on the loadline ?
36
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Towards FCC
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FCC Conductor R&D Program

• Four year’s program (2016-2019) focused on the increase of JC(16 T, 4.2 K) ≥ 1500 A/mm2 with 

high RRR ≥ 150

• At this stage all “expedients” are considered: maximize Nb3Sn fraction, grain refinement, APC

• Worldwide R&D, coordinated by national institutes:

– EU – CERN: BEAS 

– JA – KEK: SH Copper, Furukawa, JASTEC; Tohoku University, NIMS

– RU – Bochvar: TVEL

– KO – KAT: Kiswire

• Material characterization and advanced analysis

– EU – Technische Universitaet Wien (Atominstitut)

– US – ASC at NHMFL
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FCC: 16T dipole options

Common coils

F. Toral (CIEMAT)

Cos-

theta coil

S. Farinon, P. Fabbricatore (INFN)

Block coil 

C. Lorin, M. Durante (CEA)

39
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FCC Magnet Designs

blocks cos(q) common coil

Current (A) 11230 10000 16100

Inductance (mH/m) 40 50 19.2

Stored energy (kJ/m) 2520 2500 2490

Coil mass (tons) 7400 7400 9200

Very efficient use of superconductor Simplified mechanics 
and manufacturing ?

Top ≈ 1.9 K
Iop/IC(loadline) ≈ 86 %
Vdump < 2.5 kV
smax < 200 MPa
Thot < 350 K
Dout ≈ 600 mm

Courtesy of D. Tommasini, CERN
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The ERMC and RMM program

ERMC
Enhanced Racetrack Model Coil

16 T midplane field

• Demonstrate field on the conductor

• Coil technology development

RMM
Racetrack Model Magnet

16 T in a 50 mm cavity

• Demonstrate field on the aperture

• Mechanics (including inner coil support)

Base for the 

development of 

the technology

needed for the 

16 T dipole 

program

Method: go step by step towards a 16T 
block coil dipole 

First eRMC coil to be wound in the next weeks
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Conclusions

• We have working models of 12T ‘grade’ dipoles and quadrupoles

• The technology allows us to advance with the HILUMI prototypes and then series production for the 

LHC ring

• We have 2 racetrack models that went to 16T

• Fresca2 has shown us 13.3T in a large aperture, in Q1 of 2018 to continue prospecting to 15T

Nevertheless we still need to do some ‘homework’ to move to higher fields reliably, use the conductor 

more efficiently and abolish training
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