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Introduction
Å There has been a significant magnet R&D program in USA across 

various institutions (national labs, universities, and small companies 

via SBIR/STTR grants) that was directly focused on the specific 

needs of the muon collider magnets before the interruption. 

Å Though a formal well defined magnet R&D program on muon 

colliders has not restarted yet, there are significant ongoing programs 

in US that are strongly related to the needs of the muon collider. 

Å This presentation will be a very rapid tour to give an idea of wide-

ranging magnet R&D in US (both past and/or just started) related to 

muon colliders. It contains slides from various institutions. As such, 

this presentation is not intended to reflect any programmatic view.
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Areas of Interest to US Magnet Development Program (USMDP)

Next 

generation 

magnet R&D

(most topics 

should help 

muon collider)
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HTS and the Muon Collider
ÅHigh temperature superconductors (HTS), though still R&D conductors, 

have come a long way. An unprecedented funding from the fusion 

industries has made a major impact. We must take advantage of that.  

ÅLike in fusion, HTS can make a significant impact on the design and 

performance of the muon colliders. This is due to their unique ability to 

(a) withstand high energy loads, (b) operate at high temperatures (20 K 

or more instead of 2-4 K), and (c) their ability to generate high fields.

ÅSingle-tape based coils built in past pose many issues. We must learn 

to take advantage of the HTS cables such as those being developed by 

fusion industries. The conventional magnet designs, however, are not 

always compatible with them. We should look at the alternate designs. 

4
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Courtesy: Steve Gourlay

Open Midplane Dipole 

may significantly 

reduce aperture

This presentation will 

summarize * the major 

work performed in 

previous years or work 

underway now, related 

to muon colliders at 

various US institutions 

(in alphabetic order)

*Not a complete list; apologies for omissions.
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Muon Collider Magnet R&D at BNL

(includes R&D performed with PBL under SBIR/STTR)

6

ü HTS solenoids (also a recent BNL LDRD)

ü Radiation and energy depositions studies

ü Dipole design concepts for muon colliders

BNL has built and tested over 150 HTS coils using over 50 km equivalent of 4 mm HTS tape

https://wpw.bnl.gov/rgupta/muon-collider-neutrino-factory-talks/
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Previous Programs at BNL that Benefits Muon Collider R&D

7

ü SBIR/STTR Awards  to Particle Beam Lasers, Inc. (PBL):
1.Overpass/Underpass Coil Design for High-Field Dipoles. Phase I

2.Quench Protection for a Neutron Scattering Magnet. Phase I 

3.HTS Solenoid for Neutron Scattering. Phase I 

4.Dipole Magnet with Elliptical and Rectangular Shielding for a Muon Collider. Phase I 

5.Magnet Coil Designs Using YBCO High Temperature Superconductor (HTS). Phase I 

6.Innovative Design of a High Current Density Nb3Sn Outer Coil for a Muon Cooling Experiment. Ph I 

7.Study of a Final Cooling Scheme for a Muon Collider Utilizing High Field Solenoids: Cooling 

Simulations and Design, Fabrication and Testing of Coils. Phase II 

8.Study of a Muon Collider Dipole System to Reduce Detector Background and Heating. Phase I

9.Design of a Demonstration of Magnetic Insulation & Study of its Application to Ionization Cooling. Ph I 

10.Study of a Final Cooling Scheme for a Muon Collider Utilizing High Field Solenoids. Phase I 

11.A 6-D Muon Cooling System Using Achromat Bends and the Design, Fabrication and Test of a 

Prototype High Temperature (HTS) Solenoid for the System. Phase II

ü HTS solenoid (MI - Metal Insulation) for SMES (arpa-e)

ü HTS solenoid (NI - No insulations) for Axion search (IBS, Korea)

ü HTS coils plus radiation and energy deposition studies ( FRIB)

https://wpw.bnl.gov/rgupta/pbl-bnl-awards/
https://wpw.bnl.gov/rgupta/smes/
https://wpw.bnl.gov/rgupta/hts-solenoid-for-axion-search-at-ibs/
https://wpw.bnl.gov/rgupta/frib-ria-talks/
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PBL/BNL HTS 16 Tesla Solenoid (Record in 2012)
(Testing at higher operating temperature is important to muon collider)

8

Insert solenoid Outsert  solenoid

ü Field achieved:  ~16 T  

(original target: 10 -12T)

Overall Current Density (J o) in the coil: >500 A/mm 2 @16 T

Task of testing insert & outsert  together 

for trying ~25 T couldnôt be completed. 

Coils are still at hand for further R&D.

ü1st known use of metal insulation in HTS
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High Field 100 mm HTS Solenoid for SMES (funded by ARPA -E)

9

Record field/energy at 10 K 

or higher 
(referenced in early fusion proposals)

*4 K test couldnôt be carried out because of 

the issues with the leads placed at the coil od 
Coils should still be available to try 25 T.
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10

No-Insulation HTS Solenoid for Axion Search (IBS, Korea)

Initial drop in current assigned to 

copper discs between the HTS coils

No-insulation coil winding for 

IBS (id 105 mm, od=200 mm)

10
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Racetrack HTS Coils for FRIB Quads (large heat & radiation loads)  
(High temperature operation relevant to muon collider)

11

Overall  Jo in coil:  

   >500 A/mm 2 @16 T

~3 km of 12 mm wide HTS tape 

8 Large HTS coils are available for R&D

A large temperature 

margin achieved for 

both HTS vendors
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Radiation Damage Studies @BNL in HTS: Relevant to Muon Collider 
(measurements @77K in self - field and in 1 T Applied Field)
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Radiation Damage Studies on YBCO by 142 MeV Protons 

by G. Greene and W. Sampson at BNL (2007-2008) 
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Ramesh Gupta, BNL 3/2008

Self -field

1 T applied field

The BLIP 

Facility @BNL
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Energy Deposition studies: Relevant to Muon Collider 
Magnet operated at ~30 K in a stable fashion 

with large heat loads (25 W, 5kW/m 3) at 140 A

Stable operation 

for ~40 minutes Voltage spikes are related to the noise

Stainless steel tape heaters for 

energy deposition experiments

13
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New Magnet Designs

14

ÅOpen Midplane Dipole

ÅOverPass /UnderPass  or Cloverleaf

https://wpw.bnl.gov/rgupta/open-midplane-dipole/
https://wpw.bnl.gov/rgupta/open-midplane-dipole/
https://wpw.bnl.gov/rgupta/overpass-underpass/
https://wpw.bnl.gov/rgupta/overpass-underpass/
https://wpw.bnl.gov/rgupta/overpass-underpass/
https://wpw.bnl.gov/rgupta/overpass-underpass/
https://wpw.bnl.gov/rgupta/overpass-underpass/
https://wpw.bnl.gov/rgupta/overpass-underpass/
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Motivation for the Open Midplane Design (and a true open midplane ) 

Conventional design 
with thick Tungsten Liner

A true open midplane dipole

ÅSuperconducting coils in a muon collider dipoles will be subjected to a 

large amount of decay particles (a few kW/m) from short lived muons.

Å Conventional proposal to protect the coils has been to use a Tungsten liner. 

That liner, however, substantially increases the size of the high field magnet.

ÅThat avoided a direct hit from primary showers on coils.

ÅHowever, the other material created secondary showers, 

which deposited a substantial amount of energy on the 

coils. Therefore, those designs didnôt work very well. 

ÅAngular distribution of the decay particles is highly anisotropic with a large 

horizontal peak. The motivation for the open midplane design was to replace 

superconductor by other material near the x-axis to minimize the direct hit.

ÅIn the proposed ñtrue open midplane designò, there will 

be no material at the midplane. Most decay particles will 

get transported unhindered to a warm absorber (~80 K) 

sufficiently away from the superconducting coils.
15
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A Possible Demonstration of HTS Open Midplane Dipole 
ÅIn a typical dipole design, the accumulated Lorentz forces on coils 

near midplane are typically, towards the midplane. Since the coils 
canôt hang in the air, this is a major challenge for a magnet design. 

ÅSpecial open midplane designs were developed during the earlier 
muon collider program and for LHC ñdipole firstò optics, where the 
coils near midplane were made to have forces away from midplane. 

ÅPreliminary mechanical and magnetic analysis for a good field 
quality were developed with a preliminary engineering design.

ÅSince the basic design is so different and it must be demonstrated.

ÅThis can be done at a modest cost at 8-10 T field level using the 
eight large HTS coils, leftover from the FRIB R&D quad program.

16

Low -cost 

PoP test 

possible 

at 77 K
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Alternate End Design for HTS or Block Coil Magnets
ÅMost block coil designs or 

HTS tape/cable designs 

require long lifted ends to 

minimize the hardway  strain

17

ASC2002
B

N
L

ASC2018

CERN

Conventional (lifted ends)

OverPass /UnderPass  or
cloverleaf

SBIR with e2P

STTR with PBL

ÅOverpass/underpass (aka 

cloverleaf) overcomes that

ÅCoils based on that have 

been built and tested at BNL 

and at CERN

ÅApplicable to muon colliders
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Muon Collider Magnet R&D at Fermilab

18
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R&D at Fermilab on stress - managed high field dipoles 

19
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High field, large aperture magnets must deal with large stresses due to Lorentz forces.
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Muon Collider Benefits from HTS Cables (STAR ®/CORC®)

20

R&D at 

Fermilab 

on HTS 

ReBCO 

round 

cable in 

magnets

60-mm clear bore, 6 -layer coil

Å100 m of REBCO (STAR®) wire

Å5 T target field at 4.2 K

3D coil design and magnetic analysis are 

complete, structural analysis is in 

progress

50% of the conductor is to be delivered in 

May and the remainder in July

ÅThe largest STAR® wire production 

to date by the vendor

Standalone magnet test in October -

November

ÅPossible hybrid test as an insert 

into a Nb 3Sn coil in 2026
FNAL STTR with Ampeers
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R&D at Fermilab on Bi2212 Coils and Magnets

21

SMCT Bi -2212 Magnet Modes 3d-Printed Inconel 718

üAnother stress -managed structure
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Muon Collider Magnet R&D at LBNL

22
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Muon Collider Related Magnet R&D at LBNL

23

Canted Cosine Theta
(CCT for stress -

managed structure) 

CCT6
Mandrel under fabrication
LD1 and MQXF cable 
Target: 12-13 Tin 120 mm aperture

CCT5
ID: 90 mm; OD: 152 mm

8.5 T

CCT3
Subscale CCT using CORC

Step toward 5 T goal with

6-Layer magnet
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Muon Collider Related Magnet R&D at LBNL

24
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Muon Collider Related Magnet R&D at LBL
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Muon Collider Magnet R&D at Magnet Lab

26
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Muon Collider Related Magnet R&D at the Magnet Lab

27

Selected Challenges in Stepping from 32T to 40T
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Muon Collider Related Magnet R&D at the Magnet Lab

28

Demonstration of 

the 32 T 

superconducting 

solenoid and 

plan to design 

and build 40 T 

solenoid will be a 

major benefit to 

muon collider 
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Muon Collider Related Magnet R&D at the Magnet Lab

29

Basic 

design of 

the 32 T 

solenoid
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Muon Collider Related Magnet R&D at the Magnet Lab

30
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Muon Collider Related Magnet R&D at the Magnet Lab

31

Advancement 

in design and 

technologies 

in going from 

32 T to 40 T
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Muon Collider Magnet R&D at Muons, Inc.

32

Muons, Inc. received many SBIR/STTR awards and contributed to many areas.
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Magnet Paper from Muons, Inc., BNL and Univ. of MS

An early paper 

(PAC 2007) on 

high field HTS 

solenoid for 

muon cooling. 

Well cited!
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Muon Collider Magnet R&D from Muons, Inc. & FNAL

Important work 

on muon 

cooling with 

helical cooling 

channel.

4-coil demo 

unit reached 

85% of short 

sample (4.4 T)
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Summary
ü Muon collider  needs a variety of magnets  - solenoid, dipoles, 

quadrupoles - most with very challenging requirements.

ü In long term, HTS is likely to play a  major role in muon colliders, 

because of its ability to operate at elevated temperatures or its 

ability to tolerate large energy deposition or its ability to create 

very high fields or all above.

ü Thanks to so many challenges and need for new designs and 

technologies, this is an ideal field for the next generation scientists 

and engineers to get involved. You can really make a difference!

ü A summary of past work at US institutions was presented. One can 

build upon them and/or come up with  something more creative .
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Extra Slides

37
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R&D at 
LBNL 
and 
Fermilab

> CCT
> SMCT

38

Muon Collider Needs Large Aperture High Field Dipoles
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Quench studies with a large number of expensive 
HTS coils leftover from the previous R&D programs

(No fear of destroying them for a ñburn to learnò approach)

39

Development of BNLôs Advanced Quench Protection Electronics for protecting 
HTS and HTS/LTS hybrid magnets. Also, recent R&D on cryo -electronics.
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Viability of ReBCO in Accelerator Magnets and in Fusion 

ReBCO comes in tape form and that poses several challenges:

üA local defect, not always detectable at 77 K QA test of ReBCO tape, could cause an 

irrecoverable damage to the accelerator magnet coils, when operated at high fields 

and/or high stresses. This challenge is faced in fusion magnets as well.

üTape conductors (rather than round wire) create field errors that may be too large for 

accelerator magnets. Similarly, tape conductors cause large losses that may be too 

much for fusion devices.

üQuench protection of the large high stored energy HTS magnets is a major issue for 

the accelerator magnets. This is also a major issue for the large fusion devices.

High current HTS cables are essential to deal with the above issues.

üWill that and other development in technologies be sufficient? Fusion community has 

made a massive investment and is counting on developing a reliable solution.

üCan/should accelerator community partially align its program to benefit from above? 

40
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Emphasizing the Similarities

ÅAccelerator magnets and fusion applications both need coupled 

tapes (wires) either to reduces losses or to reduce field errors.

ÅBoth applications need high current ReBCO cables.

ÅBoth applications need significantly longer length cables with 

more uniform performance along the length.

ÅBoth need the price of the HTS cable to go down by a large 

amount to make the devices being developed viable.

41
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Pointing out the Differences and Possible Path Forward

The conventional magnet designs need HTS cables that can be 

bent in small bend radii; fusion cables typically donôt require that.

ÅCan a relatively small strategic investment leverage the 

development of the cables that can be bent in small radii with a 

little to no loss in the full potential of REBCO?

-----------  AND/OR  ------------

ÅCan accelerator magnet community become open to 

developing and demonstrating magnet designs that can use 

fusion cables despite them having large bend radii? 

42
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A Dialogue Between Users and Manufacturers

Challenge for accelerator magnet designers:

Å What can be done to develop and demonstrate new magnet designs 
that can allow the most efficient ReBCO cables as getting developed 
now? Example: magnet designs that can use large fusion cables.

Challenge for ReBCO wire/cable manufacturers:

Å What can be done to modify cable architect (to the extent possible with 
incremental funding) to allow their use in a wide variety of magnet 
designs for accelerators? Example: cables that bends with small radii.

Challenge for both to work jointly to improve the end -product:

Å What can be done to find integrated solutions to develop cable and 
magnet designs together? Examples: dealing with large stresses 
(CICC?), internal cooling (hole in the middle?), etc..

43
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