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Beam tracking in curved CCT  field on magnet coil and beam Rat output  



Talk Overview

• CCT history

• What are CCT’s

• Some of the magnets built and under 
construction. 

• A look at CCT designs features and 
idea's 2014 to today

21st CCT to go into LHC MCBRD  CCT at CERN



HISTORY First CCT papers in the late 1960’s 

3

D. I. Meyer and R. Flasck, “A new configuration for a dipole magnet 
for use in high energy physics applications,”Nucl. Instrum. Method, 
vol. 80,no. 2, pp. 339–341, Apr. 1970.

1970, I was playing football
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A bit of Background 4

• Idea originates from 1960’s [1]

• Two nested canted solenoids

• Axial field components cancel

• Dipolar field components add up

• Visit Shlomo Caspi LBNL before 
Christmas

• Sparked renewed interest in CCT 
design

• Why now?
• Advancements in Rapid 

Prototyping
• Advancements in Computing

CCT

[1] D. Meyer and R. Flasck, A new configuration for a dipole magnet for use in high energy physics applications,
Nuclear Instruments and Methods, no. 80, pp. 339-341, 1970.

[1]

Slide from 2013
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Solenoid field 

2x dipole ,  and ~ zero solenoid  

Solenoid field 

Vector 
addition 



Repeating geometry 

Ribs

Conductor

5Superconducting Magnet Group - S.Caspi12/11/2012

Lamination can simplify analysis
Reduce cost
Reduce losses

Shlomo Caspi led the 
CCT program in LBNL 
and lit my interests in 
CCT’s 



INFN CCT 2012!    Stefania Farinon
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CCT coil possibilities 
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Its even possible to 
combine the coil 
shapes to have 
multi function

Thanks to JvN



A few CCT Harmonic Coil Layouts 
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Morphing between Dipole and Quad 
Combined function strengths Thanks to Mike K &   JvN’s & his Field program

200 mm aperture
2 m long
Two layers
2x10 mm channel
95 A/mm

3.5T0.5 T

3.5 T   DP
0 T/m Q

38.5 T/m Q 
0 T DP

We can also set all the other harmonics if needed



Multi harmonic coil adds all functions together



Example of a quadrupole triplet 

Three quads are arranged to focus the beam 
into a point, LHC uses this idea with classical 
quads, this is a CCT triple 



USA company specializing in CCT’s
AMLSuperconductivity.com 



Nb3Sn dipole development at PSI 
Bernhard Auchmann  & team at (PSI)

Test halted due to liquefier problem at LBNL !   So far One quench, at 62% SS, 11 KA, ~6T…… 



Our first CCT dipole 2014. 

Built in my office.

Sadly, we never tested it.  
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One of the first 
ideas wind on 
inside and outside 
of former.
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JvN’s field 
program 
advances 
Cone Quad
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Flexibility of CCT designs combined function off axis

17
Courtesy of JvN

Glyn’s Favorite CCT idea 

Quad                    Dipole
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Former ideas
two layers wound onto a single tube

two channel depths in the single tube 

We worry about sharp edges!



-The Magic Magnet-

Persistent Current 
Shim Coils for 

Accelerator Magnets

19

One more technology that 
may prove to be necessary for 

HTS

[1] J. van Nugteren et. Al. “Persistent Current Shim Coils
for Accelerator Magnets”, Technical Report, CERN, 2016
[2] J. van Nugteren, “High Temperature Superconductor Accelerator 
Magnets”, PhD Thesis, University of Twente, 2016
[3] A. Dael et. Al., “Auto Correction des Harmonicques du champ Magnetique
d’un multipole pulse par enroulements supraconducteurs,” Particle 
Accelerators, vol. 4, pp. 145–150, 1973, in French.

Possible PhD idea 



Shim Coil Numerical Analysis
• Shim corrects its integrated harmonic exactly over its 

magnetic length, local errors remain.

• Here is demonstrated on static field, but concept also 
works for dynamic

20

+

With
Shim

Without
Shim

Shim Magnetic Length

=

very crappy
dipole (=

sextupole (B3)
shim coil sextupole at 

2/3 aperture 
along axis

• A repeated pattern 
of single lanes also 
works due to 
mutual coupling

• Layers are not 
electrically 
connected

• Vapour deposition 

ReBCO on tube?

𝐼2
𝑑𝑡

=
𝑀12

𝐿2

𝐼1
𝑑𝑡

• Where 𝑀12 and L2 are calculated using 
Field 2017 code

• The current in the shim can be 
calculated using the mutual inductance 
matrix of the system (as a transformer)

z
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• FCC quad CCT

• Low-Cost Project 17 CHF

22

Design to CNC !! 
How to transfer the 
geometry is important !! 



Winding tool ideas 
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CCT FCC quad
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The coil had magnetic material near the aperture so it may be even better still working on it
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CERN 0.5 m CCT to test Sushi



Sushi combined function 
First test wind 
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Manufacturing of CCT-C2 layer 1

CCT-C2 layout 
• 3 T at 4.2 K
• 4 Layers, 40 turns per layer
• 80 m of CORC® wire ordered by LBNL
• Aperture 85 mm
• Minimum bending diameter 60 mm

Thanks to Danko van der Laan and his team
See the full talk on my RG project  log, or 
https://indico.cern.ch/event/882979/

HTS quench energy 
equal to dropping a 
cannon ball  2 m !  

LTS quench energy 
equal to dropping a 
pin  10 mm!

HTS Magnets 



CCT-C2 Assembly



MCBRD LHC high-Lumi CCT

15 + apertures manufactured so far in the LHC Hi-LUMI project 9 at CERN 11 in China 

This week at CERN 16 May 2022
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LBNL curved dipole 



MCBY update 

Quad 10 Tm 
4 Tesla DP

MCBC / MCBY 400A LHC replacement

LH
C

 M
C

B
Y 

LHC need 20+ MCBC  or 
MCBY magnet. To replace 
old magnets that are 
starting to fail due to 
radiation damage !  This 
was the first 600 A design 
from 2016 now the team 
in Sweden are building a 
100 A rad hard design.  



Swedish low current high radiation CCT 

Thanks to Kevin for the MCBY CCT  magnetic field model 



Low current means: small wires and many 
turns so we selected a rope design

0.3 mm Dia



BNL Direct CCT winding
Stray field active shield idea 



Fusillo curved CCT CERN
project 2022 - 2024

Nom current 244.457A
3.000 T, inner 3.500 T,  outer3.397 T
Ss% inner 70.18 % & outer 69.018 % 
2.958 Tm integral
15.57 km strand
2.224 km rope
84 strands in channel
Nom rope dia 3.1 mm
Channel size 5.884 x 20.15 mm 
log-stacking lay out.
Pitch 6.384 mm
Min wall 0.5 mm
Gap between coil layers 5 mm
T margin 1.504 K to 3.807 K
Stress nom 3.493 MPa 
Central inner coil rad 123 mm 
DP 212.64 mm, Q 3.05 mm,
Skew Q 0.195 mm, Sextupole 0.1 mm, 
Skew S  0.04 mm
Radius of curvature cold 1000 mm.
Inductance 12.359 H
Stored energy 369.141 kJ

Channel step file  

Peak field reduction 

https://cernbox.cern.ch/index.php/s/JudKfM6sLcBMtDS

Bz By



CCT Design 
features 

• As we look at the designs, we find 
more and more features that can 
improve the magnet performance 
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The basics of selecting the CCT angle



Nested castellated support between coil formers
to support the very high torque 
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This magnet has the torque of 140 F1 race cars in 1 m length 



CCT fast FEA stress and 
deflection new approach 

by Rafal Ortwein now at IFJ 
paper presented at EUCAS 2018

42
Rafal is from IFJ PAN, Institute of Nuclear Physics of the Polish Academy of Sciences, Cracow, Poland



HTS REBCO tape CCT no hard-way bend 
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Thanks to Thomas Nes who has taken his zero-bend calculation for HTS tapes and added CCT   



Zero hard way bend in the tapes that are 
following the CCT guiding line

Thank’s to thomas Nes for the images. 44

To get the magnetic field that 
is produced by the tapes is 
more difficult. I only know one 
person that can do this! 



REBCO CCT IDEARS Quad & Sextuple  paten pending!  
45



Dipole gradient adjustment with combined functions 
Quadrupole and Sextupole         (first pass to correct not fully optimized)

Q 10 mm

Q 8 mm

Q +7 mm

S +10 mm

S -10 mm

S -8 mm

S -7 mm

Q +7 S -8 mm

Starting point 

Flat dipole across aperture 



Rope twist pitch angle losses in effective current.



Peak field in ends

On axis field plots

Plots B (XYX) along inner layer of outer coil axis field plots   

We see peak in the coil ends

The peak field is at in the coil ends and occurs due to the 
not having an  infinitely long coil,  

-+ + +++
-



Peak field Smoothing

Along axis z

We see peak in the coil ends



Peak field due to spar thickness
or more precisely the gap between 
coils  

Spar thickness

In this image the peak field 
has started to be leveled 
away from the ends 

As the SPAR reduces in thickness the layers 
get closer and at 5 mm (for this coil) both 
inner and outer coil peak field are equal 
further reduction in the gap increases peak 
field

Decreasing coil gap 



Tapered Coil aperture 230 mm to 235 mm
this helps with assembly and radial pressure, 

but the taper produces a skew quadrupole that is then corrected out!



Coil Support Conceptual 
Design deflection stress 

The initial support was just a thin 15 mm 
thick curved tube as in MCBRD!  however, 
the deflection with a curved coil ~80 mm.   
Increasing the thickness to 100 mm 
reduced the deflection to about 4 mm. 
reducing the tube to 20 mm thick and 
adding a 10 mm thick wed reduced the 
support’s  mass, but the deflection was 
still 4 mm. increasing the wed to 20 mm 
took the deflection to 1 mm. The 
pragmatic massive aluminum block clam-
shell design reduced the deflection to
~ 0.15 mm with Von Mises max stress at
~ 30 MPa  the support block mass is
~ 370 Kg.  This is just an initial look at the 

deflection and using internal pressure 
derived from the magnetic forces in the 
magnet at 3 tesla. Targets are 2.2 T, 
< 0.3mm deflection , & stress < 200 MPa. 

370 kg Clam-Shell 
Curved CCT Coil 
Support 

Aluminum support 
clam-shell ~ 30 
MPa with 
0.15mm deflection 

Thanks to Oliver Kirby for the modelling 



Channel layouts   some ideas 

3 x 7 strand ropes
21 wires ~ 5 kA
Je 61.09 %

24 wires
710 A
Je 78.54% 

22 wires
710 A
Je 83.8%

6 x 7strand 
ropes 42 wires
~5 kA
Je 61.09 %

Some channels with different packing lay out 

19 strand rope
13.5 kA
Je < 59.6 %



Log Stacking
Layout in channel Je %

Log stacking 83.8

Rectangular 
stacking 

78.45

7 strand rope 61.09

19 strand rope 59.6
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Fusillo 84 strand log stacking with 
chisel base to add stacking 

MCBY coil pack 
in Sweden
7 strand rope 
0.3mm strands 

10 spools 90 spools 
? 



Yoke steel between apertures?
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Selecting a Current 

57
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Effect of wire placement in channel

59





Large apertures need internal support
due to reduced resistance to buckling

Forces are inward at 

the ends of all dipoles

LHC small apertures with 

wide coils are more stable 



Aperture deflection cold measurement 
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Former material selection
Ashby….. plots and toughness  

63

Machinability
Material availability
Insulating coating compatibility  
Strength
Fracture Toughness
Notch sensitivity 
Crack sensitivity
Electrical resistivity
Cost  

Ratio < 1.3

Al 6082-T6 with a hard anodized surface 

AL 6082-T6



Former 
material 
AL6082T6

64

Yield < 400 MPa (40 MPa in former)
RRR   Al >> Al-Bronze
Fatigue lim >> operation point  

1/10TH

OF YIELD



Bond shear strength is very low

65

CERN CCT Shear at 3 T  ~ 2 MPa but 
that’s not the problem, it’s the resin

LBNL test Al-Bronze 7 Mpa
CERN shear tests Al anodized 
surface ~  7 to 5 Mpa

Many papers report low 
values in the same range 

~ 40 MPa



https://inpressco.com/wp-content/uploads/2017/05/Paper1564-70.pdfhttps://www.composites.media/huntsman-to-provide-advice-for-adhesive-bonding-applications/



Bond -STRENGTH

Resin shear strength 



Impregnation ? What should we use? 

68

We use CTD101K because we follow the USA 
development its qualified for radiation. 

BUT I have other ideas we could try:

1) MY750 a much tougher resin. 12 mm/m
2) Amorphous-Water expands  
3) Bee’s wax
4) Paraffin wax
5) Teflon coated former, no impregnation-> Lh4
6) CTD101G  thermal contraction 5 mm/m  
7) Nano partials in resin need studying ?
8) Invar spacers to prestress?
9) Kevlar –ve thermal expansion………?





Machining 5 to 1 ratio limit

70

Costing is out of date!  Much less now!



Wire insulation & Performance 
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11kV wire 
insulation!

Strong bond to 
wire!

CERN 1.9:1 
filaments 6 um
Prototype stock 
CERN wire
Magnet SS 55%  

Wire insulation is key! 55% overlap 2 layers +  3 layer spiraling  
spacer rib !



Bonding Polyimide into wire 

72

First tests bonded at 420C with 7% degradation but strong bond !
Later we reduce to 250 C no degradation but weak bond and insulation!
Final bonding 300C no degradation and strong bond! 
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Set of test channels to find the best width.
we tested the min wall thickness, achieves 0.1mm but selected 0.3 mm 

The depth of the channel 5:1 ration with width limit for M/c tools !



Beam simulation & heating test 
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Beam heating calc predicted increase the outer former above lambda  2.15K
Cold heating injected 3 x the expected heat before quench! ;-) Tc 
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Training AP1
• Three quenches to 

nominal current
• Two last quenches within 

1 A of ultimate current (in 
the decelerating ramp)

• No precursor in any 
quench

• Afterwards: held 2 h at 
ultimate current

• Protection: first two 
quenches above 
maximum allowed QI 
(hotspot temperature 
~350 K) 
• More on this later

Shallow

Deep

1st cold test quench performance 



CERN Training AP2 Blue

• Very long training, mostly 
on EE27-EE28

• After 32 quenches: no 
quench below nominal

• After 40 quenches 
training finished to 
ultimate current

• Held 2h at ultimate

• Quench #37 is symmetric

Shallow

Deep

We can’t separate the position inner and 
outer former quenches



Quench training !  Superconducting magnets 

With low temperature superconductors, the magnet can QUENCH with the energy that is in a pin doped 10 mm any 
So small crack can trigger a quench!  

What we need is an elastic support or very low friction!  Tests with cold WAX  have been very promising. My first 
every magent was potted in wax, and all ultra high field NMR 20 T + magnets use wax!

LTS quench with  very low 
energy input



Stress in the channel       is it + or – ? principal stress?  

Von Mises stress in the resin Mpa Von Mises stress in cross section

40
55
85
99

114
129
144
159
174

Von Mises 
MPa

3
20
36
52
69

101
118
134
150

Resin   
~ + Lim

Von Mises 
MPa



Free at the Wall

The bonds will brake at the surfaces 
of the insulated wire and at the 
walls with ~ 5 MPa in shear or  10 
MPa tension.

At 4 K one side will has released. 
When the magnet is powered the 
other side brakes free, (quench?)



Coil stress on channel 
after cooling down 

CTD101K 12 mm/m CTD101G   5 mm/m
CTD101K at 4K     150 Mpa to 4 MPa CTD101G at 4K     47.5 Mpa to 6 MPa

Thanks to Rafal



Internal forces

• Adding magnetic forces, give a 
small increase in stress, but its not 
uniformly distributed in the channel 

• “log stacking” strand positioning 
may help reduce resign volumes 
and transfer forces

Cool down shear stress



We can see at the 
winding stage that the 
wires are miss placed 



Quench 
patterns in 
CCT’s thanks 
to:
Dr. Matthias Mentink.  
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Temp of formers quench-back 
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Temperature sensors in formers.
• Monitor and control cool down
• Measure eddy current temp rise  quench dT 20 K
• Measure beam heating in LHC  

Quench level is at low temp so all coil quenches 



All the parts for the model magnet and tooling

86
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Remove sharp 
edges before 
anodization

Radii are very important 



Cleaning the Insulated Wire 
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Wire Cleaning , 
Voltage test ,
Size measures. 



Coil Winding

10 spools with insulated wire,      Wire cleaning,     Hard anodized aluminium 6082-T6 CCT former 
89
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8 week Robot Winding Project 
Chris Cox Bristol Uni

91



Ground insulation & location pins 

The voltage path between the two formers and 
between the outer former and the outer support 
ring is at least 4 to 5 mm. The two layers of 
Kapton sheet provide a general electrical barrier. 
At the ends we need the 4 to 5 mm distance. This 
also applies at the alignment pin, the pin is made 
of a glass resin, the ends are also protected be a 
labyrinth insulating ring.



III.Splicing / Jointing 

▪ Short MCBRDS : 21 splices per aperture

▪ Prototype MCBRDP : 9 splices

▪ 45 mm long

▪ Crimping with “non insulated end-sleeve 
“ (= tube)

▪ Sn96Ag4 welding alloy 

▪ Flux MOB39

▪ Poly-imide sleeve for protection

▪ Connexion box

93





Voltage in the circuit with 2 ohm EE at 395 A
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A +

B -

3
9

5
 A

0 Volts
Earth

DC

- 790 Volts

2
 O

h
m

 O
r 

M
et

ro
si

l 2
3
4
5
6
7
8
9
10

11
6

dV = 79 71.1

Voltage 

position

2 ohm 

Dump Res.

Metrosil    

2 ohm 

equivalent 

#  [V] [V]

1 -790 -711

2 -711 -639.9

3 -632 -568.8

4 -553 -497.7

5 -474 -426.6

6 -395 -355.5

7 -316 -284.4

8 -237 -213.3

9 -158 -142.2

10 -79 -71.1

11 0 0



Energy Extraction optimization for low hot-spot & low Vmax

96

The first Varistor was used at 
CERN in 1980’s if we replace the 
std Dump resistor with a varistor 
we can reduce both quench hot 
spots, and importantly voltages.
In this test at IMP for a fixed hot 
spot of ~ 150K the voltage drops 
by ~ 30% 



Magnet yoke assembly 

97

Vertical yoke assembly

364 yoke laminations, 5.8mm nominal 
thickness gave the design length

Axial Yoke packing factor 98.64%

Compressed with hydraulic jacks and held 
with tie rods.



• MCBRDP1 with two 
individually powered 
apertures, 1.9K 

• One standard  LHC 2 x 
600 A power 
converters

• One standard LHC 600 
A energy extraction 
rack with two 
switches and two 
energy extraction 
dumps (Resistor or 
Metrosil)

The first cold test 
of a full size CCT 
for LHC hi-Lumi



Symmetric Quench detection card

• QDS setup (baseline):
• 2.3(EE3-EE5) – (EE5-EE8)

• Trigger after 4 ms @ 100 mV

• Potaim setup:
• (EE3-VCL) – (VCL-EE8)

• Trigger after 10 ms @ 50 mV

EE2 EE3

EE4

EE5

EE6

EE7

EE9 EE8

VCL

Lead +

Lead -

New protection card against symmetric quenches!
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COST of CCT magnets

Only 21 Drawings. !!!  For the 
full magnet production 
including tooling!

LHC MCBY had 500+ drawings

Cost for low production quantities 

can be ¼ that needed for the 

classical design



Big Thanks to Jerone for his Field and now Rat programs 
Used for Designing CCT’s and much more!



Conclusions
CCT’s 

- Low cost!

- Good field quality

- Simple to design, you can do it with 
paper and pen. 

- lots of opportunity to invent new 
magnets.

Follow day by day, and look back over 5 years the progress on my 

ResearchGate G Kirby project log with every idea, paper, success and 

failure !  
https://www.researchgate.net/project/LHC-hi-Lumi-orbit-corrector-5Tm-CCT

https://www.researchgate.net/project/LHC-hi-Lumi-orbit-corrector-5Tm-CCT


Thanks to all who have contributed to the CCT 
development over the last 10 years 

• Jeroen Van Nugteren,

• The design office team Matt and Luca.

• All the 927 team, Jacky, Francois-Olivier, Carols,  Nicolas, Sebatian, Juan, & all the rest!

• Gijs, Ezio, Andrea and the many students form inside and outside of CERN . 

• Matthias Mentink , Emmanuele Ravaioli & and the protection team, Mike.

• Rafal Ortwein,& Daniel and his Sushi team, Arnaud Foussat.

• Karol and the CERN main machine shop.

• all SM18 test teams.

• Magnetic measurement team: Lucio, Carlo, … 

• The materials testing team, Stefano , Mickael Denis Crouvizier, The IHEP, IMP test team all in china. 

• Oscar Sacristan De Frutos.

• Shlomo, Bernhard, Mike, Stefania, Thomas, Chris. 

• Lucio Rossi, Luca Bottura. 

• Kevin and the team in Sweden

• And many more that have helped start this new era in accelerator 
magnet design! 



The End 









Solenoid puts a twist on the beam and 
divergence at exit!   



Dipole pushes beam 
round the corner. 

Two layers cancels 
the solenoid field

curvature adds other 
high order 
harmonics 
quadrupole + …... 

A 218.372
DP 204
Q 2.45
S 0.2

A 436.744
DP 204
Q 2.45
S 0.2



Quadrupole focuses in one plane 
+ & - Current effect on beam rotates 90 deg.



Sextupole beam manipulation



Octupole beam manipulation 



Design features

Fusillo curved CCT CERN
project 2022 - 2024



Effect of tight curvature

Units for simple straight and curves coils 1571 mm
Standard request from beam dynamics is < 10 units 

Order Straight Curved 
std calc 

Curved  
compensated 

B2 - 0.23 - 333 -1250

B3 -0.696 -3.36 7.66

B4 -0.0227 - 0.406 -0.294

B5 -0.0411 -0.029



Adding all the coils shapes and more together 
into one optimized coil.



230 mm aperture , 1 m radii Curved CCT 
former weld and machining at CERN 



I. Winding
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Winding- :
▪ Winding OUTER layer 
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Looking inside the 0.5m model





Nested CCT and Rad hard spacers ,   

121

FEA 
safety 
factor 
1.55
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Winding

123

Winding- Assembly EXTERNAL 
tube :
▪ Pin for initial alignment



Stable Stacking

124

We should consider designing the coil to 
have an inherently stable stacks!



MCBRD CCT 2-layer Max Field is between 
layers at the ends 
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Curved tube manufacture in GRP

We can make curved GRP 
tubes on a reusable 
mandrel!

This produces an accurate 
inner tube surface!!

The magnet cost can be 
reduced significantly < $$$
For subsequent magnets!



Shear Stress at 4 K
No magnetic stress yet

The bonds  brake, at the surfaces of the insulated 
wire and at the channel walls with ~ 5 MPa in shear

At 4 K with the CTD101K we see 20 to 30 MPa 

The we expect the bonds to start to be broken. In 
some places and not in others. 

-49
-38
-27
-16

-6
5.1
16
27
38
48

Sear stress 
Mpa

bonded

Broken 
bond

Broken 
bond



Composites family 

Development ideas



Impregnation 2 to 5 bar over pressure!

130

2 BAR



Cutting tool 5 deep to 1 wide ratio of channel

5

1
ratio

Min wall 0.3mm  with 2mm wide channel 



Peak field reduction at end in coil!!! The important one ! 

By pitch increase in last few end turns ,   

Path of the Line 
plot , close to 
peak field
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CTD101G
But would need to 
be wet wound as 
Bama did !  

Some interesting resin data 



CTD101K,              CTD101G             CTD528 Super
12.0 mmm             5.3 mm/m               2.4 mm/m



CERN 3m long ~ 0.5 m dia turning CNC 
milling m/c  
m/c spec  7 um over 3 m  and achieves ~ 10 um 
for our flexible tube! Very nice. 

Target value under 50 um 



Shipping from china to CERN 8 weeks

138

26th Sep

16th Sep Hong Kong

21st Oct CERN

Suez 2nd Oct

10th oct

959 km



Measured Errors

139

Field errors in aperture ~ 2 units only ! 
Field angle +- 3 mrad that’s 0.05 mm 
tolerance in position of wires in m/c 
formers.
Transfer Function < 5 units  
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Machining model

Two or three turns in a coil can 
be used to test the full magnet 
design to its full operating stress 
and conductor limits! 


