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

magnet development for specific applications + general R&D

Dipole magnets for planned facilities General R&D for high field dipoles with CCT coils
15T, Nb3Sn for fusion 6.5 T, NbTi matchmg dlpole
P ~
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Hi gh | evel goal for our new generdanionsR&d pr o

combined function fields in an elliptic aperture using CCT magnet technology

linear combined function CCT: 40 x 90 mm aperture, 600 mm length

4.2 K short-sample
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Why the CCT coil geometry? No showstoppers (yet) on the magnetic design or fabrication

process for the uniqgue combination of combined function fields and elliptic aperture

We developed a method to design elliptic aperture CCT coils with The modular, layer-by-layer approach to magnet fabrication
good field quality for single or combined function magnets 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 Layer 1

dipole quadrupole
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Canted-Cosine-Theta (CCT) Magnets

Advantages

A excellent field quality (to large % of aperture)

A stress management for higHield and/or large apertures
A combined function fields (e.g. dipole + quadrupole)

Challenges
A slightly more conductor (~1520%)
A tradeoff of longer ends vs. efficiency for very short magnets

Field / = T

The CCT is a very old concept that has been explored by many other groups (see backup slide with history)
D.l. Meyer, RFlasck 1970, doi.org/10.1016/0029 -554X(70)90784-6
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The CCT is a flexible technology for combined function fields

n=1, dipole

n=2, quadrupole
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IEEE Transactions on Applied Superconductivity, vol. 13, no. 2, pp. 13651 1368, 2003.
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Extension to elliptic apertures: an analytic route from desired circular multipoles in an

elliptic aperture to coil geometry

CIITEUIED Elliptic Harmonics Elliptic sheet CCT winding path
Harmonics current density
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https://link.aps.org/doi/10.1103/PhysRevAccelBeams.27.022402

Circular
Harmonics

Elliptic Harmonics

Elliptic sheet
current density

> > CCT winding path

Vector potential is 2D solution of vector
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Circular
Harmonics

Elliptic Harmonics Ellipe shegt
current density

L

Expand and relate traditional
accelerator multipoles (dipole, quad., J

ASEl s X0

CCT winding path
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Resulting elliptic sheet current density

Previously developed for measurement of field quality in elliptic magnet apertures

Desired circular multipole
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P. Schnizer, Advanced Multipoles for Accelerator Magnets. Springer, 2017.



Circular Elliptic sheet
Harmonics current density
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Example: elliptic sheet current density for

Elliptic Harmonics CCT winding path
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Circular Elliptic Harmonics Elliptic sheet

Harmonics current density CCT winding path

D

Relate coil winding parameters
to sheet current density

p(y) = a cosh ny cosy X + a sinh 5y sin wy + p_(w)2. quadrupole
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Starting the design of the NbTi prototype: assumptions and constraints

High level magnet assumptions
A 40 x 90 mm elliptic aperture following 1-5 GeV/c muon FFA study

A linear combined function fields (dipole + quadrupole)
A ~5-6 T field level compatible with existing NbTi cable
A Short as possible that allows for magnetic field measurements of straight-section

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

23 strand Rutherford cable (1.44 x 10 mm)

5
{ 4

Images from Jean-Francois Croteau

0.805 mm strand

1:3:1.0 Cu:SC
Jc =1635 A/mm”"2
at7T,4.2K
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3D printing is a helpful tool for winding tests with complex geometry

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

emm=mn st
B LY ¢ J

swsusacas

Summer intern Brian Palmer
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c and combined functi on
learned the limits through winding tests

The windabilityof el | 1 pt |

Normal CCT dipole Elliptic CCT combined function

The challenging region to wind is limited to the poles Challenge at the poles + potential for other challenging regions

Radial confinement of cable
can be tricky, even in
Afeasyo regi onjs

Crossing angle over major
axis has strong influence
on hardway bending

Direct tradeoff between
field efficiently and
windabilty through means
of the winding tilt angle

Yufan Yan + Brian Palmer
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Our final coll constraints were set from prototyping and winding tests with the

NbTi cable

3D printed plastic

We potted and cut the final short coill
A developing the potting techniques for elliptic aperture
A validating the final conductor position

Our winding tests are also working out the
fabrication process for aluminum bronze
mandrels with elliptic aperture
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Further magnetic optimization with iron yoke saturation ;\Iﬂ
BERKELEY LAB

Yoke blends an elliptic inner boundary to a
Y circular shell (for manufacturing reasons)

J TGy . AREAS
MAR 14 2025
TYEE UM 11:06:02
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Strategy 10}

A Fix yoke geometry -

A Use Opera3D model to predict field errors with
yoke saturation included

A Modify coil (rather than iron) to minimize field

A

b3 (unit)

N ON A O ®

error at a 10 kA target current {

. . . anticryostat . . . . . . .
Use circular reference for harmonics matching 0 2 4 6 8 10 12 14 16
existing field measurement equipment current (kA)
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Optimized result: circular harmonics at center vs. magnet current il
BERKELEY LAB

All higher order < 1 unit at target value of 10 kA (1 unit is 107-4 field error of main harmonics)

0
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om 4l 2 4t g /"H$
2 of ( ‘; X
-5 r ') o “\\ -J'IJ j
-6 . . . : : . . 2 : . k : . : . : . ‘ ] . : k —% clear bore
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b5 —e-b6 —e-b7 ~-b8 b9 '
0 2 | [rrmm et
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o
0.1 s 4 ] osl | A 40 x 90 mm clear bore
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Z [0} on—oa—0—6-oaaaa o & . . .
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2 15}
B . 2 : ' - 4 e
0 2 4 6 8 10 12 14 16 8 9 10 11 12 0 2 4 6 8 10 12 14 16
current (kA) current (kA) current (kA)

**b3, b4n winding components added during coil design to compensate for iron saturation effects
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Optimized result: harmonics along magnet length at 10 kA target /\m
BERKELEY LAB
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Overview of final magnetic design ]

BERKELEY LAB

iron yoke Nb3Sn |\
fY y 257 23KA@42K  \
s 24.4 KA@1.9 K X
20 = \
< NbTi LY
- = 151 120kA @4.2 e
o 16.2 kA @1.9K LY
310F ——SSC @4.2K
SSC @1.9K
— MQXF @4.2K -
St MQXF @1.9K
! —— 3D w/ yoke
O 1 1 1 1 1 1 Il
0 2 4 6 8 10 12 14 16
field-on-conductor (B)
clear bore 90 mm x 40 mm
dipole at 4.2 K limit & @ : —
quad at 4.2 K limit 31.4 T/m b @42K 83% 55 limit
' ' current (KA 10.0 12.0
conductor field at 4.2 K limit RNl dinole f fd (1_) 383 436
ipole fie : :
magnet physical length 600 mm g
uniform field region for quadrupole (T/m) 26.97 31.40
ERSETET Al ZedE lw (¢ ©0)] pacross length ~ 200 mm field-on-conductor (T) 5.07 5.85
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A Status of prototype fabrication, plans for testing, and prospects
beyond this first magnet

Office of

i &
/\l ' BERKELEY LAB iEﬁfﬁESﬁLﬂ@k@cﬁmf’sﬁ%ﬂ&ATAF@D NERGY | scicnce




2D/3D mechanics with external support structure o

BERKELEY LAB

™

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

™

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

™

step3: cooldown

A

step4: powering to 12.0 kA (4.2 K short-sample)

12 kA operation

Iron blends from elliptic boundary to circular

shell (for manufacturing)
23



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

12 kA coperalion

~145 Mpa max
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Structure stress 1s below crit

Yoke maximum is ~90 MPa
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Shell maximum is ~140 MPa

cooldown

12 kA operation
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5T design is complete, fabrication in progress, test expected summer 2026

All coil parts + structure parts ordered,

expected by Jan 2026 Test plan/goals for 4.2 K, liquid heliunm

Goal #1: establish baseline for magnet quench performance
A find operational limit compared to predicted conductor limit
A quantify quench behavior up to this point

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

A special probe design by J. Dimarco at FNAL for combined function
A field quality vs. current (iron saturation)

A field quality vs. position (integral field error)

N
o

12} - 20}
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10 20
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—~ 8F 20+
=
= <4 ; ; : ; ; : ; : I
S5 6F 500 -400 -300 -200 -100 O 100 200 300 400 500
N
™ L
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2 .
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~“ clear bore

0 2 4 6 8 10 12 14 16
wire edm of inner apertures complete, CNC current (kA) T anticryostat

OD + grooves in progress
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Prospects for higher field beyond the initial test at 4.2 K

30 T T T T T
—— loadline ",
25 | +EEI: jgﬁ gzbgsk”A - - -] 2. New magnet with Nb,Sn conductor technology
——Nb,Sn, 42K " 24.4 KA @1.9K A field at windings -> 10-11 T
o | Nb,Sn, 1.9 K A requires layer heat-treatment at 650 C
S 151 NbTi 3
= 12.1 kKA, @4.2 K )
3 16.2 KA @1.0 K 1. Retest of_the_ magnet at 1.9 K (instead of 4.2 K)
10 A field at windings ->7.5T
A requires test at partner lab (BNL, FNAL, CERN, ...)
5t ]
O 1
0 2 4 6 8 10 12
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Status and next steps

A We completed the design of a ~5-6 T superconducting magnet with
linear combined function fields in an elliptic aperture

A We are now fabricating this magnet with the goal of performing a
first 4.2 K test in summer 2026

A This is a first step in a longer program to demonstrate 10 T field
levels in a combined function magnet
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Thank you

~~

U.S. DEPARTMENT OF Oﬁlce of

s ATA P ENERGY | scene




Abbreviated History of the Canted-Cosine-Theta Development (HEP focused)

4 )

NUCLEAR INSTRUMENTS AND METHODS 80 (1970) 339-341; © NORTH-HOLLAND PUBLISHING CO.

A NEW CONFIGURATION FOR A DIPOLE MAGNET
FOR USE IN HIGH ENERGY PHYSICS APPLICATIONS*

D. 1. MEYER and R. FLASCK
Physics Department, University of Mickigan, Ann Arbor, Michigan 48104, U.S.A.

Received 16 December 1969
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Highlights: extension to combined function + curved magnets, low current demonstrators ~2-3 T

The Double-Helix Dipole—A Novel Approach to Design, Fabrication, and Test of a Superconducting
Accelerator Magnet Design Dipole Magnet Based on Tilted Solenoids
C. L. Goodzeit, M. J. Ball, and R. B. Meinke S. Caspi, D. R. Dietderich. P Ferracin. N. R. Finney, M. I. Fuery, §. A. Gourlay. and A. R. Hafalia

\

( Highlights: 8-10 T Nb;Sn dipoles at LBNL/PSI, NbTi orbit correctors for HiLumi LHC \

Statziof faeNB,Sh Camied-Costns Teta. IHpole Hi-Lumi LHC Twin Aperture Orbit Correctors 0.5-m
Magnet Program at Lawrence Berkeley oo

National Laboratory Model Magnet Development and Cold Test

lanof. L. Broy Member, IEEE.S. Caspi @ Membor IEFF D Dietd
IEEE, S. Gou

“lyn A, Kirby . Luca Gentini. Jacky Mazet, Matthias Mentink =, Franco Mangiarotti =, Jeroen Van Nugteren =,
Jaakko Samuel Murtomiiki =, Per Hagen ™, Francois Olivier Pincot, Nicolas Bourcey, Juan Carlos Perez,
Gijs De Rijk, Ezio Todesco ~, and J. Rysti

X. Wang = e
\ CD1 Test Update J

~~
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1970, basic concept published

~2000-2015, revisited by industry and labs

~2015-now, push for high field
Nb;Sn magnets + NbTICCT 0 s
into acclerators (LHC + plans for
EIC at BNL using direct wind)
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2025 highlights for the CCT dipole R&D program

Nb,Sn dipole reaches 11 T, HTS dipole reaches 6 T
operates close to conductor limit

6 layers of CORC REBCO conductor ’ —o | giion 6T
o — S 6 staircase to 4.5 kA
—————ramp to 5.75 kA
11.25 T dipole in aperture, =) L
12.75 T at windings 3
g 3
1.05 = 2
1.00 .q_g [ | —-'—;l—l.ﬂ_ 1}
095 ﬁl. e w."ﬁ u ZEI .I 'EI .
. 0

0 1 2 3 4

090 Improvement over past magnet 5 6 7
0.85 . due to filled wax impregnation current (kA)
0.80 [ v U.S. MAGNET
z g AL XA k )\ DEVELOPMENT
T0TS e PROGRAM
0.70 ..' ' "
0.65 ® CCTS, quench, 4.5 K i . i oo A 00 0
7 CCTow kg 45K Highest field demonstration -
058  CCto g, 19K of HTS dipole to-date (CCT
0.50 k .
0 10 20 30 Q“:I?C“ 50 60 70 80 or OtherW|Se)
CCT5W tested at FNAL
D. Arbelaez X. Wang
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Clrculqr Elliptic Harmonics Ellipe shegt CCT winding path
Harmonics current density

. . . T o mmw TANSYS T ' "}'L‘ o 1 ANDYS
Vector potential is 2D solution of vector n=1 (dipole) | |/ NI R A dz3 J -
- ~ Pl - 4 . W | AN :
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. n [ [/, [ Vo
~ IR I [
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B(r.0) = S ’
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) {sm nlr — cos 7199] . r>a

T —— pmorao. L ANSYS
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Why CCT? We can design elliptic aperture coils with good field quality for single or

combined function magnetsi so we donot see showstoppers o

The coil path for producing circular harmonics
in an elliptic aperture can be analytically

derived from the elliptic current density quadrupole

p(w) = a cosh 5y cosy X + a sinh 5y sin wy + p,(y)Z.

Desired CCT axial path p,(y) B, (e.g., T/m"1)
Bl a sinh 5y - __ oo sinh 1y
tana Sinys w tan ae'l0

B asinh iy = _ 2pg 1, sinh g

2 Tana SN2V “aw tan ae®0
B a sinh 1 . sin 3y __ 4pply sinh gy

3 tan a 22 sy + 3 a*w tan ae>"0
B a sinh 2 sin2 sin 4 _ 8ugly sinh iy

4 4 SmhHo smiy | smay

tana \e2® 2 + 4 a’w tan ae0

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

combined function coils . .
More details in our recent papei:0.1103/PhysRevAccelBeams.27.02240z
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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 aperturei s o we dono6t see showstoppers on

The main challenge is to fabricate winding mandrels with elliptic Magnet assembly / disassembly with inflatable epoxy shims
aperture -> we will show our progress on this
Layer 1
Layer 2
s " Aluminum
I .“‘ ‘0’ She”

.- Smartshim

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

Flow media +
shrink wrap for
potting

B e individual
turn

D. Arbelaez, J.L. Rudieros Fernandez
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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

4E max twist | 7| Ratio of dlpole to 170 0
150 _ quadrupole fields o o0( w
CCT tilt angle
100
. 1B, (T)
25 i
= - L o5 magnet physical length (mm) Y
= 20 900
22 03 04 05 06 07 = 20 00
| - > o 800 for 100 mm
max hardway bend |x | = '\:i 15 0 00 700 straight-section
50 10 =10 200 600
— 500
5 5
02 03 04 05 06 07 02 03 04 05 06 07
more quad hrfn ﬁ more d|p0|e i
IB,| (T)
25 2 0.6 - conductor length (m)

100

2071 20
2 o
S 315

200 §15 ;

150 = 10+t b 10

100 5 5 - =

50 0.2 0.2 0.3 04 0.5 0.6

*with some approximations for cases where the cable orientation deviates from the normal of the elliptic cylindrical surface Work by Yufan Yan
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Right now, our best correlation to windability is hardway bending

Test3:100 L
challenging | Test 1: not windable
at poles across major axis
m‘hardwaz Rend |
25 — . = I, .gl
CCT tilt angle ‘ \ \ \ / - ‘ ‘60

20 '\‘

= 50

()

215 40

. 10 30
5 L ——— - 20
0.2 0.3 0.4 0.5 0.6 0.7

more quad <« rfn—> more dipole

~~
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Initial Conclusions

A Unlike CCT dipoles cases, better efficiency (lower
tilt angle) can be easier to wind!

A Windability concerns pushes us away from cases
where the ratio of dipole to quadrupole is 1:1

The trouble locations found during winding tests directly
map to locations with highest hardway bending

60 F —testl:rf=1,a=25 |
----test2:f=13, =15

A test3: rf = 0.25, o = 25

40 1

(o]
N XK
20 —/:\—_/// \\ I/ \’\—
’ \ % \\ Y \\
O [ 1 L I ! L .
0 45 90 135 180 226 270 315 360
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Plan for field measurements (circular coil) 1

BERKELEY LAB

Field measurement in LHe
A existing anticryostat: ID: 25.4 mm, OD: 35 mm
A reference radius: 11.75 mm X
A bucking: dipole and quadrupole -
A length: to measure harmonics distribution along z-axis; region with |bn|
<1 unit is about 200 mm clear bore
anticryostat

Harmonics are normalized against

Collaboration with Joe Dimarco at FNAL ; ) )
o 61 |6 1 1 |

for combined function probe

eCCT1 Field Profile & Measurement 38



6 (T) 6 (T@i ) &) &) &) &) ® ® &) &)
-3.811 -0.315 0.0933 0.0205 0.4786 0.0532 0.0065 0.0029 0.0018 6.66e-6
-0.0063 0.0067 0.0093 -2.42e-4 | -8.60e-4 0.0024 3.51e-5 0.0056 9.65e-4 -0.0026
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eCCT1 Field Profile & Measurement

39



Metallic Winding Mandrels Accurately Position the Conductor and

Intercept Lorentz Forces for Stress Management

Force accumulation CCT ribs
in traditional Cos() intercept force

A Important for high field magnets with strain sensitive conductor (NBn/HTS)
A Important for large aperture magnets
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