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ÅBackground and program goals

ÅCoil design for a 5 T prototype

ÅMechanical design of a 5 T prototype

ÅStatus of prototype fabrication, plans for testing, and prospects 

beyond this first magnet



Larger context at LBNL:  we are a high-field magnet group with mix of 

magnet development for specific applications + general R&D
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11 T + 

Nb3Sn CCT

6 T  

HTS 

(REBCO)

General R&D for high field dipoles with CCT coils

R&D for proton therapy gantry magnets 

2-3 T  

NbTi

2-3 T, fixed-field  

HTS

15 T, Nb3Sn for fusion 

cable testing (TFD)

Dipole magnets for planned facilities 

Nb3Sn quadruples for HiLumi LHC upgrade

6.5 T, NbTi matching dipole 

for EIC

Curved CCT



High level goal for our new general R&D program relevant to FFAôs: demonstrate 

combined function fields in an elliptic aperture using CCT magnet technology 
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linear combined function CCT: 40 x 90 mm aperture, 600 mm length

Magnet #1: NbTi (~6 T cond, 4.35 T + 31.4 T/m)

Å establish elliptic magnet fabrication techniques 

Å demonstrate performance and field quality for 

dipole + quadrupole combined function

Nb3Sn (~11 T cond)

Å work out Nb3Sn compatibility

Å demonstrate high field

Nb3Sn

NbTi



Why the CCT coil geometry? No showstoppers (yet) on the magnetic design or fabrication 

process for the unique combination of combined function fields and elliptic aperture
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We will show the magnetic design process later in this presentation

dipole quadrupole

sextupole octupole

We developed a method to design elliptic aperture CCT coils with 

good field quality for single or combined function magnets

The modular, layer-by-layer approach to magnet fabrication 

does not require significant changes for an elliptic aperture 

The main challenge is to fabricate 

winding mandrels with elliptic aperture 

-> we will show our progress on this
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beyond this first magnet



Canted-Cosine-Theta (CCT) Magnets
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Advantages

Å excellent field quality (to large % of aperture)

Å stress management for high-field and/or large apertures

Å combined function fields (e.g. dipole + quadrupole)

Challenges

Å slightly more conductor (~15-20%)

Å tradeoff of longer ends vs. efficiency for very short magnets

The CCT is a very old concept that has been explored by many other groups (see backup slide with history)

D.I. Meyer, R. Flasck, 1970, doi.org/10.1016/0029 -554X(70)90784-6
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Force accumulation in 

traditional Cos(ǥ)
CCT ribs 

intercept force



The CCT is a flexible technology for combined function fields
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n=1, dipole
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n=2, quadrupole

n=1, 2, 3, dipole+quad.+sext.

C. Goodzeit, M. Ball, and R. Meinke, ñThe double-helix dipole - a novel approach to accelerator magnet design,ò 

IEEE Transactions on Applied Superconductivity, vol. 13, no. 2, pp. 1365ï1368, 2003.



Extension to elliptic apertures: an analytic route from desired circular multipoles in an 

elliptic aperture to coil geometry 
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Relate averaged sheet 
current density to coil 
winding parameters

Circular 
Harmonics

Elliptic Harmonics
Elliptic sheet 

current density
CCT winding path
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wŜƭŀǘŜ ǎƻƭǳǘƛƻƴ ƻŦ [ŀǇƭŀŎŜΩǎ 
equation in elliptic 
coordinates to sheet 
current density

Expand and relate traditional 
accelerator multipoles (dipole, 
ǉǳŀŘΦΣ ǎŜȄǘΦΣ Χύ ǘƻ ŜƭƭƛǇǘƛŎ 
harmonics

More details in our paper: 10.1103/PhysRevAccelBeams.27.022402

https://link.aps.org/doi/10.1103/PhysRevAccelBeams.27.022402


Circular 
Harmonics

Elliptic Harmonics
Elliptic sheet 

current density
CCT winding path

n=1 n=2

n=3 n=4

Vector potential is 2D solution of vector 
[ŀǇƭŀŎŜΩǎ Ŝǉǳŀǘƛƻƴ ƛƴ ŜƭƭƛǇǘƛŎ ŎƻƻǊŘƛƴŀǘŜǎ



Circular 
Harmonics

Elliptic Harmonics
Elliptic sheet 

current density
CCT winding path

Expand and relate traditional 
accelerator multipoles (dipole, quad., 
ǎŜȄǘΦΣ Χύ ǘƻ ŜƭƭƛǇǘƛŎ ƘŀǊƳƻƴƛŎǎ

Previously developed for measurement of field quality in elliptic magnet apertures

Desired circular multipoleResulting elliptic sheet current density



Circular 
Harmonics

Elliptic Harmonics CCT winding path

Example: elliptic sheet current density for 
the first four cylindrical harmonics

Elliptic sheet 
current density



Circular 
Harmonics

Elliptic Harmonics CCT winding path
Elliptic sheet 

current density

Relate coil winding parameters 
to sheet current density

dipole quadrupole

sextupole octupole

Result is an analytic design process from desired single or 
combined circular harmonics to an elliptic coil path



Starting the design of the NbTi prototype: assumptions and constraints
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High level magnet assumptions
Å 40 x 90 mm elliptic aperture following 1-5 GeV/c muon FFA study

Å linear combined function fields (dipole + quadrupole)

Å ~5-6 T field level compatible with existing NbTi cable  

Å Short as possible that allows for magnetic field measurements of straight-section 

0.805 mm strand

1:3:1.0 Cu:SC

Jc = 1635 A/mm^2 

at 7 T, 4.2 K 

Conductor constraint: use available NbTi strand left-over from SSC project 

23 strand Rutherford cable (1.44 x 10 mm ) 

Images from Jean-Francois Croteau



3D printing is a helpful tool for winding tests with complex geometry
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Summer intern Brian Palmer

The starting point for us was to get an understanding of the windability limits for the 40 x 90 mm 

aperture and the chosen NbTi cable



The windability of elliptic and combined function CCTôs are different, and we are 
learned the limits through winding tests

16

Normal CCT dipole Elliptic CCT combined function

The challenging region to wind is limited to the poles

Direct tradeoff between 

field efficiently and 

windabilty through means 

of the winding tilt angle

Challenge at the poles + potential for other challenging regions

Crossing angle over major 

axis has strong influence 

on hardway bending

Radial confinement of cable 

can be tricky, even in 

ñeasyò regions

Yufan Yan + Brian Palmer



Our final coil constraints were set from prototyping and winding tests with the 
NbTi cable  
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3D printed plastic

CNC Aluminum bronze (final geo.) 

CNC Aluminum 

Our winding tests are also working out the 

fabrication process for aluminum bronze 

mandrels with elliptic aperture

We potted and cut the final short coil

Å developing the potting techniques for elliptic aperture 

Å validating the final conductor position



eCCT1 Field Profile & Measurement

Further magnetic optimization with iron yoke saturation
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Yoke blends an elliptic inner boundary to a 

circular shell (for manufacturing reasons)

Strategy

Å Fix yoke geometry

Å Use Opera3D model to predict field errors with 

yoke saturation included

Å Modify coil (rather than iron) to minimize field 

error at a 10 kA target current

Å Use circular reference for harmonics matching 

existing field measurement equipment 



eCCT1 Field Profile & Measurement

Optimized result: circular harmonics at center vs. magnet current
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All higher order < 1 unit at target value of 10 kA  (1 unit is 10^-4 field error of main harmonics)

**b3, b4n winding components added during coil design to compensate for iron saturation effects

Å 40 x 90 mm clear bore

Å circular rref = 11.75 mm

Å working with Joe DiMarco at 

FNAL on probe design



eCCT1 Field Profile & Measurement 20

Coil length adjusted to have 

roughly 200 mm of straight-

section based on b3 < 1 unit

Ÿ enlarged

Optimized result: harmonics along magnet length at 10 kA target



eCCT1 Field Profile & Measurement

Overview of final magnetic design
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clear bore 90 mm x 40 mm

dipole at 4.2 K limit τȢσφ4

quad at 4.2 K limit 31.4 T/m

conductor field at 4.2 K limit 5.85 T

magnet physical length 600 mm

uniform field region for 

measurement along z-axis
ὦ ὲ σ ρacross length ~ 200 mm

NbTi @ 4.2 K 83 % SS limit

current (kA) 10.0 12.0

dipole field (T) 3.83 4.36

quadrupole (T/m) 26.97 31.40

field-on-conductor (T) 5.07 5.85

iron yoke
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eCCT1: 2D Ansys with Pre-Stress

2D/3D mechanics with external support structure

Á step1: prestress through the bladder (47.6 mm wide, 10 mm from the top)

Á step2: smart shims added between coil and yoke, then release the pre-stress

Á step3: cooldown

Á step4: powering to 12.0 kA (4.2 K short-sample)
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Iron blends from elliptic boundary to circular 

shell (for manufacturing)



eCCT1: 2D Ansys with Pre-Stress

Mandrel stress is below criteria in 2D/3D
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2D, cooldown, 12 kA 3D, cooldown, 12 kA

~125 Mpa max ~145 Mpa max



eCCT1: 2D Ansys with Pre-Stress

Structure stress is below criteria in 2D/3D
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Yoke maximum is ~90 MPa
Shell maximum is ~140 MPa
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eCCT1: 2D Ansys with Pre-Stress

5 T design is complete, fabrication in progress, test expected summer 2026
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wire edm of inner apertures complete, CNC 

OD + grooves in progress

0.6 meter long winding mandrel production

All coil parts + structure parts ordered, 

expected by Jan 2026 Test plan/goals for 4.2 K, liquid helium test at LBNLôs Magnet Test Facility

Goal #1: establish baseline for magnet quench performance

Å find operational limit compared to predicted conductor limit

Å quantify quench behavior up to this point

Goal #2: measure field quality with a circular rotating field probe

Å special probe design by J. Dimarco at FNAL for combined function  

Å field quality vs. current (iron saturation)

Å field quality vs. position (integral field error)



eCCT1: 2D Ansys with Pre-Stress

Prospects for higher field beyond the initial test at 4.2 K
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1. Retest of the magnet at 1.9 K (instead of 4.2 K)

Å field at windings -> 7.5 T

Å requires test at partner lab (BNL, FNAL, CERN, ...)

2. New magnet with Nb3Sn conductor technology

Å field at windings -> 10-11 T

Å requires layer heat-treatment at 650 C



Status and next steps
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ÅWe completed the design of a ~5-6 T superconducting magnet with 

linear combined function fields in an elliptic aperture

ÅWe are now fabricating this magnet with the goal of performing a 

first 4.2 K test in summer 2026

ÅThis is a first step in a longer program to demonstrate 10 T field 

levels in a combined function magnet



Thank you



Abbreviated History of the Canted-Cosine-Theta Development (HEP focused)
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1970, basic concept published

~2000-2015, revisited by industry and labs 
Highlights: extension to combined function + curved magnets, low current demonstrators ~2-3 T

~2015-now, push for high field 

Nb3Sn magnets + NbTi CCTôs going 

into acclerators (LHC + plans for 

EIC at BNL using direct wind)

Highlights: 8-10 T Nb3Sn dipoles at LBNL/PSI, NbTi orbit correctors for HiLumi LHC



2025 highlights for the CCT dipole R&D program
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Nb3Sn dipole reaches 11 T, 

operates close to conductor limit
HTS dipole reaches 6 T

11.25 T dipole in aperture, 

12.75 T at windings

Highest field demonstration 

of HTS dipole to-date (CCT 

or otherwise)

6 layers of CORC REBCO conductor 6 T

CCT5W tested at FNAL

Improvement over past magnet 

due to filled wax impregnation 

X. WangD. Arbelaez



Circular 
Harmonics

Elliptic Harmonics
Elliptic sheet 

current density
CCT winding path

n=1 (dipole) n=2 (quadrupole)

n=3 (sextupole) n=4 (octupole)

Vector potential is 2D solution of vector 
[ŀǇƭŀŎŜΩǎ Ŝǉǳŀǘƛƻƴ ƛƴ ŎȅƭƛƴŘǊƛŎŀƭ ŎƻƻǊŘƛƴŀǘŜǎ

ǊŀŘƛǳǎ άŀέ



Why CCT? We can design elliptic aperture coils with good field quality for single or 

combined function magnets ïso we donôt see showstoppers on the magnetic design side. 
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More details in our recent paper: 10.1103/PhysRevAccelBeams.27.022402

dipole quadrupole

sextupole octupole

The coil path for producing circular harmonics 
in an elliptic aperture can be analytically 
derived from the elliptic current density

Axial modulation of the winding path controls 
the harmonic content allowing for single or 
combined function coils

https://link.aps.org/doi/10.1103/PhysRevAccelBeams.27.022402


Why CCT? The CCT magnet fabrication process does not require significant changes for 
an elliptic aperture ïso we donôt see showstoppers on the fabrication side.
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The main challenge is to fabricate winding mandrels with elliptic 

aperture -> we will show our progress on this

Individual layers are wound, reacted, and impregnated separately (epoxy, wax, filled wax)

Magnet assembly / disassembly with inflatable epoxy shims

Aluminum 

shell

Smartshim

individual 

turn

Rib

Spar

Layer 1
Layer 2

D. Arbelaez, J.L. Rudieros Fernandez

Flow media + 

shrink wrap for 

potting



We calculate the windabilty parameters using an approach similar to Roxie*, with this we 
can explore the parameter space of tilt angle and ratio of quadrupole to dipole fields
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*with some approximations for cases where the cable orientation deviates from the normal of the elliptic cylindrical surface

ὶὪ
ὄ

ὄ ὄ ὶ ὥ
Ratio of dipole to 

quadrupole fields 

for 100 mm 

straight-section

Work by Yufan Yan

more dipolemore quad

CCT tilt angle



Right now, our best correlation to windability is hardway bending
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Initial Conclusions

Å Unlike CCT dipoles cases, better efficiency (lower 

tilt angle) can be easier to wind!

Å Windability concerns pushes us away from cases 

where the ratio of dipole to quadrupole is 1:1 

Test 1: not windable 

across major axis

Test 3: too 

challenging 

at poles

The trouble locations found during winding tests directly 

map to locations with highest hardway bending

more dipolemore quad

CCT tilt angle



eCCT1 Field Profile & Measurement

Plan for field measurements (circular coil)
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Á existing anticryostat: ID: 25.4 mm, OD: 35 mm

Á bucking: dipole and quadrupole

Á reference radius: 11.75 mm

Á length: to measure harmonics distribution along z-axis; region with |bn| 

< 1 unit is about 200 mm

approximately to scale

clear bore

anticryostat

ὶ

x

y
Field measurement in LHe

Harmonics are normalized against 

ὄ ὄ ὄ ὶ ὶ
Collaboration with Joe Dimarco at FNAL 

for combined function probe 



eCCT1 Field Profile & Measurement

Higher Order Harmonics at 10 kA are all < 1 unit

39

ὄ (T) ὄ (T, @ ὶ ) ὦ ὦ ὦ ὦ ὦ ὦ ὦ ὦ

-3.811 -0.315 0.0933 0.0205 0.4786 0.0532 0.0065 0.0029 0.0018 6.66e-6

ὦ ὦ ὦ ὦ ὦ ὦ ὦ ὦ ὦ ὦ

-0.0063 0.0067 0.0093 -2.42e-4 -8.60e-4 -0.0024 -3.51e-5 0.0056 9.65e-4 -0.0026

ὥ ὥ Á Á Á Á Á Á Á ὥ

-0.0853 -0.2878 -0.0342 0.0467 -0.0008 -0.0133 0.0065 -0.0044 -0.0111 -0.0057

ὥ ὥ ὥ ὥ ὥ ὥ ὥ ὥ ὥ ὥ

0.0045 0.0054 -0.0068 -0.0080 -0.0042 -0.0030 0.0019 -0.0021 -0.0076 -0.0026



Metallic Winding Mandrels Accurately Position the Conductor and 

Intercept Lorentz Forces for Stress Management
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Force accumulation 

in traditional Cos(̒ )
CCT ribs 

intercept force

Å Important for high field magnets with strain sensitive conductor (Nb3Sn/HTS)

Å Important for large aperture magnets


