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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

1st CCT to go into LHC MCBRD CCT at CERN



HISTORY First CCT papers in the late 1960’s

HUCLEAR INSTRUMENTS AND METHODS 50 (1970) 339-341; @& NORTH-HOLLAND FUBLISMING CO,

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

.1 MEYER snd R, FLASCK
Piysics Departmens, haiversity of Mickigar, Awe Arbor, Michipas 45104, U1.5.4.
Recenved 16 December 1965

The magnetic fleld configuration abtained when an ardinary cire,

¢ solenoid s skewed loaks very promising for wse 03 o depole

magnat. The ficld inside is aniform and [BAF including end effcet i3 Independent of pasition cross the megnes.

At the high fiekls now attainable with supercon-
ducting materials the support of the long narrow coils
which are needed m bending magnets for high energles
becomes & problem. [n addition considerable rather
difficult coil placement must be done 10 attain uniform

in fig. 2. Place two skewed solenoid windings on top
of each other but skewed in opposite direction. Then
by applying currents as shown the =* field components
cancel but the x' components add. Thus we have
ellipsoidal cross sectiona with a completely uniform
fiebd i

fields, | suggest here a 1 ion which eli
both of these problems.

Consider a long circular solenoid skewed at an
angle # as shown in fig. 1. On analysis of the field
pattern it is found that the field inside such a configu-
ration is completely uniform and makes an angle of
/2 with the 2 axis, Details of this analysis are given
i the appendix. The magnitude of the =* component
of the magnetic field is the same as that of an unskewed
solenoid with the same curreat and tum spacing in
the = direction.

If we now send a beam of particles through along the
skewed nxis they will be bent perpendicular to the plane
of the paper by the component B, of the field. Thus
the effective bending will be Bsin 3 8, We may however
imprave on this ion by the methad i

lar 1o the axis in the x' direction.

Clearly since we are cancelling one field component
there is some effective loss of ampere turns. Approxi-
mately twice as much wire is needed as in a standard
cosing dipole fora given field. However for a supercon-
ducting magnet this is not too serious and is compen-
sated for by four fluctors,

1. The field is completely uniform and the (8- d/
through the magnet including end effects is independent
of lateral position.

X The field volume is used very cfectively. The
aperture viewed along the beam line is elliptical with
the long axis of the ellipse in the direction of bend.
For 60° skew for example the aperture for 10cm
diameter rings would be 10 ¢m in the direction of bend

* Wark performed under the sponsorship af the LS. Atamic
Energy Commisssan.

Fig 1. Diagram for caloslating the magnetic fleld st che
POINE Ve b

339

and §cm to this direction.

A uniform field of elliptic cross section can be
generated by the proper distribution of current
(e p'la} in wires run along the w'direction however
the end effects are not 2o neatly handled.

3. The mechanical construction is much simplified
over thot of a cosine dipole from the standpoint of
properly placing the wires. The circular coils and
compact structure simplify the handling of magnetic
stresses,

4. The configuration lends itscll very well to being
made in modules which can then be stacked end 1o
end 1o provide any desired bending. This could add

NS5

Fig. 2. Two superimposed coils with opposite skew.
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D. I. Meyer and R. Flasck, “A new configuration for a dipole magnet
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e for use in high energy physics applications,”Nucl. Instrum. Method,
vol. 80,n0. 2, pp. 339-341, Apr. 1970.

1970, | was playing football
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A bit of Backgrounc

* |dea originates from 1960’s [1]
 Two nested canted solenoids

[1]

* 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

e Advancements in Computing
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mmm 2x dipole, and ~ zero\solenoid

Vector
addition

LS

[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.

@Technology Department

Slide from 2013




Repeating geometry

Conductor

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

Lamination can simplify analysis
Reduce cost
Reduce losses

—y,

f\ 12/11/2012 Superconducting Magnet Group - S.Caspi 5



INFN CCT 2012!

Stefania Farinon

This article bas been accepted for publication in a future issue of this journal, but has not been fully odited. Content may change prior to final publication
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Compact Superconducting High Gradient
Quadrupole Magnets for the Interaction
Regions of High Luminosity Colliders

Filippo Bosi, Pasquale Fabbricatore, Stefania Farinon, Umberto Gambardella, Riceardo Musenich, Roberto
Marabotto, Eugenio Paoloni

Design, Construction and Test of a Model
Superconducting Quadrupole for the Interaction
Region of Super Factory

Filippo Bosi, Eugenio Paoloni, Pasquale Fabbricatore, Stefania Farinon, Riccardo Musenich, Roberto Marabotto,
Davide Nardelli

Abstract— Recent developments in the high lumisosity ¢’
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Refined modeling of superconducting
double helical coils using finite element

analyses
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Double helical coils are becoming more and more auractive for sceelerstor magnets and other
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colliders are based on a collision seheme with 3 large Piwiacki

c, u vertical bets function B, much smaller than the busch

a crab waist transformation. This scheme is bein

adopted in (he SuperB asymmetric collider, (0 be buill in Taly,
with a design peak luminosity of 10% em?sec”, A crucial role is
played by the quadrupole doublets QDIVQF1 which are placed
clase to the Interaction paint and gemerate gradients close to
100 T/m, The available space for the doublets is very small.
cawsing the magoets to b operated with 2 high engincering
carrent density (2000 A‘mm’). Starting from the helical coil
concept, an advanced design of the quadrupole has been
developed. The paper discusses the basic design concepts and the
development of u coil mudel nimed at nssessing the design criteria
and demonstrating the feasibility of the quadrupele. The
successful test of the coil model opens the way (o new compact

up high gradient magacts for the
interaction regions of high luminosity colliders.

Index Terms—Superconducting quadrupole, helical coils.

1g. 1. Top: winding of a double helical coil for generating a quadrupols
nagnetic field. Bottom: a winding test with a dummy wire.

Abstract—SuperB is an asymmetric energy @ e collider
operating at the Y(45) peak ( /&~ 10.68 GeV) to be built
in Italy, with a design peak luminosity of 10" Hz/cm®. In
order to get the required high luminosity, a novel collision
scheme, the so called “large Piwinski angle and crab waist™,
has been designed. This scheme requires that two doublets of
high gradient sug ducting quadrupoles i in the
SuperE naming scheme s QDO and QF1) are placed as close as
peossible to the interaction point. This layout is critical because the
space allowed to the doublets is very small. An advanced design of
the quadrupole has been developed, based on the so-called belical
coil concept. The paper discusses the design and construction
concept of a model of the superconducting quadrupole based on
NbTi technology.

Index Te

1 coils, Sup ing coils, Quadru-

Assembly view of the SC quadrupole prototype. The current feeders
and the mechanical fixture are on the bottom left side and the junction is on
the top right side

"

showed that it is reasonable to revise the Swowmass Year
definition to 1.5 10*s

11 THE COLLIDER AND TES INTERACTION REGION (IR)

Super B 18 designed as an High Energy Ring (HER) and
a Low FEnergy Ring (LER) storing respectively positrons at
6.7 GeV and electrons at 4.18 GeV injected at nominal energy
by a linac. The SuperB collision scheme requires a short focus
final doublet to reduce the vertical beta function down to
0.2mm at the Interaction Point (IP). The final doublet (see
Fig. 1) will be composed by a set of permanent samarium
cobalt magnets (PM) and superconducting (SC) quadrupoles
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CCT coil possibilities

Its even possible to
combine the coil £ 2
shapes to have — 3
multi function

Z-aXIS

20

Solenoid puts a twist on the beam and
9 divergence at exit!
\e ¥ |

D

/ (T) Magnitude
1.7e+C0

Thanks to JVN



A few CCT Harmonic Coil Layouts

II. CCT 1S A UNIQUE MAGNET LAYOUT
IT CAN GENERATE ANY REQUIRED HARMONIC AND ANY SUPERPOSITION OF MULTIPLE HAR-
MONICS WITHOUT INTEGRATED FIELD ERRORS

z-axis [m]

Strength [T]

DIPOLE STRENGTH PITCH PATH
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Morphing between Dipole and Quad
COmblned funCt|On Strengths Thanks to Mike K & JvN’s & his Field program

We can also set all the other harmonics if needed

1

integral B1 vs B2 /\;',fap
35 A‘d ~ :@roove width
— ,‘00“3
£ It~ e Pitch
= 30 \ 40'0,00 ' % f
% 25 N y
'-g 20 —B1 30 deg
= y=-5.5x + 38.5
g 15 B1 40 deg
§ 10 —B1 50 deg
v 5 —B1 60 deg
S 0 ——B1 70 deg
>
< st 2 3 4 5 6 7
integral B1 (Tm)
05T < » 3.5T
200 mm aperture
2 mlong
Two layers

2x10 mm channel
95 A/mm



Multi harmonic coil adds all functions together

NEDTOILY Ot Superconducting Curved Canted-Cosine-Theta (CCT)
. for the HTE-ISOLDE Recoil Separator Ring at CERN
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Focusing Quadrupole Trim coils

Maximum Fields
in Trim at the
nested interface

HE.ECLZE Ring curved CET canceptusl
s gn development 2

Dipole and High Orders Bn|T]

—
[}

Focusing Quadrupole Trim coils
Main Combined Function Coils De-Focusing Quadrupole Trim coils =
23 20 . ,
0.20 Focusing Quadrupole Focusing Quadrupole 3.0
1.8 5 F T +227 T/m +2.27 T/m
= o . 20 7
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2 = 10 5
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0.2 "3 8 9 &
-0. : S s
High Order's £ C: g 003 -10 &
.07  suppressed 3 E €% 010 E
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3 1) -10 2 = A5
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Quad - 13.27T - De-Focusing Quadrupole + 2.27 T/
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Three quads are arranged to.focus the beam
into a point, LHC uses this idea.with classical

quads, this is a CCT triple \\
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Proceedings of the 2003 Particle Accelerator Conference

> < 5.00 pitch at mid-plane

at 30° e
4185- < - 083
s 7 <
= = 3 . )
4.04 cable dia
and groove depth
Section at mid-plane, tited at 30°
Itermn & | Dy Material
1 RHIC bore woe SS
| Composite
- | DHD layer 1 o
3 | Groove depth in layer (typ )
| Composite
4 | DHD layer 2 ke
3 | DHD layer 3 moos:te
| Composite
6 | DHD layer 4 Lo
7 | Outer insulator-spacer leme posite
8 | Renforong cyinder €061-16

Figure 5: A few turns of epoxy impregnated coil, with
a Lexan cover, show typical turn geometry. Insulation
is provided by the web of the coil support grooves and
the epoxy impregnation.

(A

X

Proceedings of the 2003 Particle Accelerator Conference

SUPERCONDUCTING DOUBLE-HELIX ACCELERATOR MAGNETS*
R. B. Meinke”, M. J. Ball, C. L. Goodzeit, Advanced Magnet Laboratory, Palm Bay, FL, USA

Abstract

We describe an important contribution to accelerator
magnet technology based on the concept of modulating
the helical tumms of solenoid coils to produce pure
multipole fields of any order. Calculations show that these
configurations inherently produce virtually error free
fields of the desired multipole order in a large fraction of
the aperture in the two dimensional cross section without
the presence of won. The characteristics of one such
configuration, the double-helix dipole (DHD), are
described. It is also explained how the novel geometry of
the double-helix coils simplifies the manufacturing,
eliminates complex coil parts, and thus significantly
reduces the cost of the magnets in comparison to the
conventional cosine theta (racetrack design) coils. This
has been demonstrated by the design and construction of a
prototype dipole that produces a 4T field in an 80 mm
aperture (without iron)

FOREWORD

The double helix coil configuration represents a
g advance in ! magnet technology over
the conventional cosine theta type (racetrack design)
coils. The performance of virtually any type of accelerator
magnet is improved while the cost of manufacture is
substantially reduced with this magnet configuration

The double-helix dipole and higher multipole magnets
have been previously described [1,2,3]. They achieve
pure multipole fields by the sinusoidal modulation of the
axial position of the turns of a solenoid wound coil. For
example, in the case of the dipole, the axial position of the
conductor path is described as shown in Figure 1 and
Figure 2 shows a 2-layer double helix dipole magnet
(DHD)

Each tumn of the coil can be well approximated as an
ellipse tilted at an angle a with respect to the axis of the
coil. This produces a transverse field component
superimy I on a solenoid field I When pairs

modulating the conductor path at 2 frequencies. For
example, = = h + A, (5in0 + 0.01 sin36) will produce a
dipole with a small amount of sextupole

Figure 1: For the case of the dipole, the z coordinate
of the conductor path is given by z = h + A, sin@ with
Ay = a / tana, where a is the radius of the coil
aperture, @is the tilt angle of the winding with respect
to the horizontal axis, and & is the helical advance per
turn.

Figure 2: Double helix dipole (DHD) concept uses
pairs of layers with opposite tilt and current direction.
Aperture may be circular or elliptical. High field
values can be obtained by using multiple pairs of
layers with the transition between layers as shown.

USA company specializing in CCT's

AMLSuperconductivity.com | jEyyyrEss

Rainer B. Meinke Ph.D.
Chief Tochaology Officer

T 321-728-7543 P/
C: 321-543-2561 2/ Steg 25C
¢ z
1720 hisin Sireot NE SRAGEA romeinke@amism Gom
Paim Bay, FL 32805 AMLSuperoonductiviiy.com




Canted Cosme Theta 18] Mux density (T)

17.00
16.12
18.24
14.36
13.48
12.59
m"mn
10,83
i 9.95
9.07
8.19
7.9

Nb3Sn dipole development at PSI

Bernhard Auchmann & team at (PSI)
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Large Hadron Collider

LA

Our first CCT dipole 2014.

Built in my office.
Sadly, we never tested it.

14



One of the first
ideas wind on
inside and outside
of former.




Large Hadron Collider

15 Mar 201/ -

Large Hadron Collider

JVN’s field
program
advances
Cone Quad

16



Flexibility of CCT designs combined function off axis

. v | Wl P s

’ . . -~ R 3 | e " _ e .-
Glyn’s Favorite CCT idea | e Q\\ Q R L A TN, T reesse
ooty N\ NN e NS B

| S \ \\ |

002::: '/’//
bt i
‘o ,'/,',///
st ”/ '/' '/'//

om// p //" f

Ve

r f / !/

{ / / " /,’
‘ |

z axes [m]
=
- ——

iy

Y 1/54 y

L I e \ 001
/.‘,-,’)) r‘f_,,,{/ d 7 |
vy

\

\

\

‘ \

e 1 (g il \‘
i/ &

e
% ///‘/’/0——0—%‘\
- HEESEee

0.03

Courtesy of JyN 205

004 003 -0.02 00 0 0.01

0.02 0.03 0.04 0.05
y axes [m]



Former ideas
two layers wound onto a single tube
two channel depths in the single tube




Possible PhD idea 19

One more technology that

may prove to be necessary for
yp T ry

N
o
/

Persistent Current

- Shim Coils for
g Accelerator Magnets
20 -The Magic Magnet-

[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.

20 < 20 x-axis [mm]



Shim Coil Numerical Analysis

20

« 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

very crappy Q)
dipole (= NN
_|_

sextupole (B,)
shim coil |

sextupole at
2/3 aperture

along axis
0.2 T

0.15 ¢

0.1

0.05 -

B3 [T]

0.05 - [
-0_1 | =

-0.15 -

Shim Magnetic Length
-0.2 -

I I
-400 -300 -200 -100 (U] 100 200 300 400

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

|1 M2 2
power L persistent
suppl @ L L2 jOint
PpPly
L _ ML
dt ~ L, dt

« Where M;, and L, are calculated using
Field 2017 code

» Arepeated pattern
of single lanes also
works due to
mutual coupling

z-axis [mm]

* Layers are not
electrically
connected

» Vapour deposition
ReBCO on tube?

20

-2 ¢
y-axis [mm] 20

x-axis [mm]
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DESIGN STUDY OF A NOVEL AIR-COIL

CCT Hica-Lumi OrBIT CORRECTOR

Magnet Technology Conference, Amsterdam, 2017

ugteren, G. Kirby, G. de Rijk,

L. INntropUCTION TO THE D1 ORBITAL CORRECTOR PROBLEM

THE OPIIMISED COIL GEOMETRY WITH MAGNETIC FIELD SHOWN ON THE SUKFACE OF THE CONDUCTOR

THE DI 15 AN GREITAL CoRRECTOR RsQUmED Fox e Hacss Lisg. CCT Wisoing sty CAD Diawina o 1 0.5 51 Deaso Cou -
wosery rasans oF e LHC a0 CERN, Ragomsn i 4 S Ty ooy [ ¥
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N ML 15 e A 26T v nm saremarion o i mon. Tiis 4
RESULTS IN A DESIGN WHICH IS M LONG. SPACE IS LIMITED AND A 2 - End phes fivrng welutres
MUCH SHORTER MAGNET OFTION WOULD BE MEFERANE NSy - s
IRON SATURATION Hanssonic DISTORTION DUE TO CROSS- TALK SBETWEEN APERTURES. W SES &% SLOT 43
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THE COUL 15 MADSE AS SHORT AS POSSIRLE K INCRIASING THIL NUMIER OF LAYIRS FRoM 2 70 4 (skEw ANGLE INCREASED 10 40 o). The
MAGNETIC FIELD 1S INCREASED T0 4 T RESULTING 5V A COIL LENGTH OF APPROXIMATELY | 40 TO AVOID CROSS-TALK BETWEEN THE (008 2 AD-
CTION CORLS ARE COSNECTED I SIS WITH THE MA COR. OF THI OTHER APER

OFIONAL CORRICTION COR. LAYERS Al AsorD. These cof
Time. TO MAKE THE SYSTEM FULLY LINEAR THE ON YOKE I REMOVED.
Powex Surry Ciecxr |

ArBau | (oRizonTaL)
I

Arexries 2 (vexncar)

AReTGRR

a2 04 o ot

Powea Strery Ciwever 2

y axes

YZ-Cross SETIoN WITH CIRCUIT | (HOKZ) POWERSD

x e ]

XY-Cross SecTion wims cicurt | (Hosz) FoWERED

YZ-Cuoss SECTION WITH BOTH CIICUITS FOWERSD

YZ-Cross SECTion Wik Cmount 2 (VERT) POWERED

IV. THE SKEW ANGLES OF EACH HARMONIC IN ALL COILS NEED TO BE SOLVED

THE SOLUTION 18 FOUND SUMAIATILY FOR EACH CIROUTT
Cmouim | (GENERATES SORIZONTAL FIELD IN APskTORE 1)

1) Vastaniss - THE St anoies o OF THE MAIN AND CORBRCTION OIS 1XRIT JOR THE MAIN SARMONIC AL, wiicn & ron ar 40

DR, RESULTING % 39 VakiAmLES TOTAL

2) Tancers - MsiMZANOS OF THE INTECRATED MARMONICS A2 10 AT0 Ao Bl 10 B10 o aremruse | (19 TARGETS), AS WELL AS
T INTRORATED iaonics AT 10 ALO ano BT wo B10 v arssruin 2 (20 tascars ). RISULTING IN A TOTAL OF 39 Tascars,

Crmcurm 2 (QEsaMATES VERTICAL PRLD IN AMRTUNRE 2)

1) Vamiamiss - The Scew ANCGLES (1 OF THE MAIN AND CORRECTION COILS FXEPT FOR THE MARN saamonac B, wiicin s oo a1 40

DG, RESULTING IN 39 VARIASLES TOTAL.
2) Tancirs

TABLE 1
‘THE SOLVED SKEW ANGLES USED FOR THE DESION OF THE CCT MAGNET.

MEIMIZATION OF THI BNTIORATID RARMONICS AT 10 AT Ast BE 10 B10 s amvsriss | (20 tanairs), As wiss As
THE INTEGRATED HarMonics Al 70 A0 axp B2 70 B10 iy apesavre 2 (19 TARGETS). RESULTING IN A TOTAL 0F 39 TARGETS.

V1. Comparisox 10 OriGivar D1

THE AIR-COIL CORRECTOR HAS AN INDUCTAMCE OF
1440 MH conemsn 10 320 mH on mes RN
DESIGN, ALSO T 1HAS ABCUT TWICH THE WIRE LENCTH,
O vs 4k

Q180 2105
010877 Donses
15820 aasn
ARSI 1A

a74R15 1122948
o150 as08rr
Q10M4 000

Tasce V.- Was Levaras

Coil wnit Al A2 A3 Ad A5 A6 AT A% A9 A0
T X +

comectr C1 2(vert)  [deg]  +408 4000 313 4000 +134 000 4SS 000 +143 002

main C2 2(vem)  (deg) <000 330 D00 L 000 03 000 009 000 002

comector C2 1 (horz)  {deg] 000 4000 4000 000 D00 000 +000 4001 «003  0n
Col  Aperwre wmit Bl B2 B3 B4 BS B6 BT B B BI0

main C1 T thorz) — [deg)

comector 1 2(ver)  [deg] #000 &S00 4000 214 +000 4793 <000 001 «079

main C2 2(ver)  [deg] 400 4000 226 000 +075  H00 019 4000 004 000

comector C2 1 (horz)  [deg] 4413 4401 4313 4214 +1340 4791 #4SS 4255 +142 4081

PROPOSAL FOR DEALING WITH TORQUE IN HORZONTAL VER
AL AsTED ol cossecTons, 3D s peso

SHOWING CASTLEATIONS THAT BLOCK ROTATION.

VII. DeauinG with TorQuE AND Forces
BETWEEN THE MAIN AND CORKECTION CORS A SIGNEICANT TORQUE
STNM 15 st Thes TORQUE NIZDS TO HE REACTED THROUCH THE
surpoRr CYLINDERS. TO INTHRLOCK THE SUFPORT CYLINDERS AS TO
PREVENT BOTATION, CASTLEATIONS AKE ADUED, A FLALIE ALSO PO
rOsED IN AN ALTERNATIVE CCT vIRMON OF THE NEXTID HORGION
TAL-VERTICAL CORKECTOR MAGNET WITHIN THE HILUMI FROMECT (SEE
s o T LT THES MIANS THAT BOTH THE BNILE AND OUT
SIDE OF THE SUPFOKT CYLINDERS MUST HE MACHIND.

2-axis [m)]

VIII. ConcrusioN

1.) A NOVEL AIR-COIL TYFE LAYOUT HAS BEEN FROPOSED FOR THE D ORBITAL CORRECIOR FOR THE HILUMINOSITY UFGRADE.
2. MANAGED 10 RIDOCH THE OVERALL LENGTI OF THE MAGNICT PROM 2.2 10 14 w0, A 375 ssoocrios.

3.) Tas 15 ACHIEVED 8Y USING A SET 0F OCT SMIELD COILS THAT CANCEL THE CROSS-TALK BETWEEN THE ApexTiRes. To avom
MON-LINEARITY, THE SION YOKE HAS BEEN REAKIVED BESULTIVG 15 A S0-CALLED AS-CORL

4 THES COMIS AT THE CORT OF AIVROXIMATELY TWICE GUANTITY GF CONDOCTON., AND TWICE THE COIE INDUCTANCY

5.) T CCT 15 A VERY FLEXIHLE DESIGN THAT CAN GENERATE ANY COMBINATION OF SARMONICS AND 15 FULLY CAPABLE OF CAN
CHLLIVG ANY TRANKVERSH FULD.

6. THE PRESENTED DESION 15 A BEMONSTRATION OF WHAT 15 FOSSBLE UsivG OCT.

ClCer2 C1Cad




Magnetic field on surface of model

* FCC quad CCT A
* Low-Cost Project 17 CHF ok /

| /:‘\‘ f\ ‘ |
Iy | ¥ .
A- b . y’ ' 2400 x-axis [mm)]

—
] -50 100 2200
-axis [mm)

Large Hadron Collider ;
3 Dec 2019 - Large Hadron Collider

Seo8

y

Looking from the b

eam side
tic Field B 9q

<y @2.2m from IP

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



Winding tool ideas




CCT FCC quad

Field quality at the edge, with correction

@ 10mm radius

corrected side: multipoles, normalized to full length

0.15

0.10

0,05

Umits

0.0:0

B3 A3 B4 Ad BS A5

-0.05

010

0.1 units maximum. An excellent result.

Carla Petrone

BE Al B7 L BE AR

bultipobes calculated up to B15, A1%, but are all zero

Large Hadron Collider >
7 Aug 2019 - Large Hadron Collider
= i 1 FEa y

The coil had magnetic material near the aperture so it may be even better still working on it
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SuShi septum status report:
Testing the NbTi/Nb/Cu multilayer shield & update on the
concept

D. Barna, M. Novak, K. Brunner
Miro Atanasov, Carlo Petrone, Max Pascal, Jerome Feuvrier, Franco
Mangiarotti, Frederic Rougemot, Yannick Thuau & the rest of the SM18 -
team CERN 0.5 m CCT to test Sushi
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e
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.
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IEEE TRANSACTIONS ON
APPLIED
SUPERCONDUCTIVITY




Sushi combined function
First test wind




HTS Magnets Manufacturing of CCT-C2 layer 1

T — CCT-C2 layout
g o e 3Tat4.2K

e 4 Layers, 40 turns per layer

« 80 m of CORC® wire ordered by LBNL

* Aperture 85 mm

Minimum bending diameter 60 mm

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

T M, - S—-——

/

/ A

~

LTS quench energy
equal to dropping a Thanks to Danko van der Laan and his team

Q Advanced Conductor Technologies See the full talk on my RG project |Og, or r"::h‘ o
www.advancedconductor.com https.//|nd|CO,Cern.Ch/event/882979/ BERKELEY LAB

pin 10 mm!




r:hl rﬁl Advanced Conductor Technologies

BERKELEY LAB www.advancedconducfor.com

CCT-C2 Assembly

LN, I




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

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.

MCBC / MCBY A00A LHC replacement‘;) ,. v«,\dk

o= |

i |[
mmn

N



i,
MMM

Uppsala University in Sweden leading the MCBY
development.

I0OH=-90, IOV=120 Surface: Magnetic flux density norm (T) Arrow Surface: Magnetic flux density (spatial frame)

m

0.25
0.2 5

0.15
0.1 4

0.05
a 3

-0.05
0.1 =

-0.15
-0.2 L

-0.25

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 m

Thanks to Kevin for the MCBY CCT magnetic field model



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

> ~3 o8

3

o ———— . ——E R P e

_— B L. oy n.ﬂm-

. A -
-

MCBY 80A CCT insulated strand ROPE
development. 6 round 1 rope all strands
insulated

The MCBY cct development to make a Rad hard
replacement set of magnet to go into LHC. We plan to

MCBY rope conductor using 7-0.3 mm strand

e (S
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Alpha octupole winding

RS | Ofcw of RODKHAVEN
@ENERGY .  BROOKHAVEN

Canted cosine quadrupole direct winding
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Fusillo curved CC

CERN

project 2022 - 2024
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-0.6
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0
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I |
= 2.998

- 2.996
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¥ omega
-+ order@
+ npoints @
0.02 0e
0.01 1
0.006384 2
0.006384 3
0.006384 4
0.01 5
0.02 6

Norm of Mgn. Flux Density [T]

500

-500 0

1000
Z[mm]

3 v Line Integral
E, =:’( <& Export € Settings
= ¥
g‘ . me:z . ’ field integral in [Tm]
5 WBm / field Bx By
2 0 — _ =._;T\ —— integra
T
g \ /
= 4 . 4

3 .

1500 -1000 -500 0 500

Mid Position Along Line [mm)]

Channel step file

1000

w

A
\
\

&
Von T\ises [MPa]

Norm of Mgn. Flux Density [T]

Bz

-1.955e-05 | -2.958e+00  B.0T1e03

1500

Nom current 244.457A

3.000T, 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

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



CCT Design
features

* As we look at the designs, we find
more and more features that can
improve the magnet performance




Magnet Current Field Field Integral @)
(A) Skew angle optimization, l/lss = 55.4% (T) (Tm) Skew angle optimization (int B,=5 Tm) >
450 T T T T T T T T T T T T - 5.1 [ 30
-
440 — 2.7 |-5.0
— 2.0
’_
430 1 S VY- Rt
G 15
o}
420 126 48 2 r :
o] 1.0
o
e,
4105 - [e7 2 05
]
g
4004 Straight section bore field (T) L 25 F46 3 0.0
—e— |ntegrated main component (Tm) I -1200 -700 -200
—e— Current (A) : 2
ol —b——-—>—>——>—->-- | | L 45 Axial position (mm)
16 18 20 22 24 26 28 30 32 34 36 38 40
—15° —20° —25° 30° —35° —40°
Skew angle (deg)

CCT skew angle optimisation

Due to the cross talk the max aperture field is set to ~2.7 T
For a fixed 5 Tm integral & magnet length ~2m the optimum skew angle is 30 deg.
Lower skew angles give more field less conductor but have longer ends!

fh BN . .
LN 8% X FOLSANREE AN |t
@‘ & s s sl RN

2 Glyn A. Kirby
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Field Integral / Skew angle __

N R
R

ERTARN

Optimization
* Two counteracting processes
— Higher skew angle increases Bpeak/Bcen
— Lower skew angle increases length of coil ends
* Leads to a field integral optimized value for the skew angle

-8 Lcoll = 0.7
-8 Lcoil = 0.9
-8 Lcoill = 1.1
2.5 - Lcoll = 1.3
—&- Lcoil = 1.5
e - Lcoil = 1.7
E -8 Lcoil = 1.9
E 2 -8 Lcoil = 2.1
= BN —&- Lcoil = 2.3
S ] —e— Lcoil = 0.7
= " =e—Lcoil = 0.9
S 15 —e—Lcoil = 1.1
@ - Lcoil = 1.3
- - Lcoll = 1.5
By —o—Lcoll = 1.7
1 "~ —e— Lcoil = 1.9
. —e— Lcoil = 2.1
All Without Iron —e— Lcoil = 2.3

50 % SS

0.5

10 15 20 25 30 35 40 45 50 55 60 65 70 75

a |deg]
@Tech nology Department




Skew Angle Influence

* Ratio Bpeak/Bcen depends on skew angle and # of layers

Bpeak/Boen

- Lol = 0.7
-2 Lcowl = 0.9
2.5 - Lceel = 1.1
Leowl = 1.3
- Lol = 0.7
- Lol = 09
2 - Looel = 1.1
- Locodl = 1.3
1.5
—r Without lron
’ Dl A A
10 15 20 25 35 40 45 50 55 60 65
a [deg]

70
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The basics of selecting the CCT angle

Peak/Beam [Tm] over
a r/a Bend angle CCT Angle SS % 1 [A] Min wall thk Peak in coil [T] Beam field [T] Ratio turns Conductor [km] Channel turns 90deg Inductance [H]
118 160 0.7375 90 36.41 913 360 0.3 4.938 3.21 1.538 40 15.1 176 3.97 8.078
118 204 0.57843 90 30.05 91.08 360 0.3 4918 3.504 1.404 40 13.64 142 4.083 8.484
118 260 0.45385 S0 24.41 90.9 360 0.3 4.904 3.76 1.304 40 11.67 106 3.884 8.052
118 320 0.36875 S0 20.24 90.91 360 0.3 4,903 3.96 1.238 40 10 80 3.607 7.256
Beam field [T] Peak/Beam Ratio Conductor [km]
4.2 1.600 1538 20 -
4 396 T 1s 11y 1364 :
E 38 w376 = 140 & A
e BT 2 T
i 34 : ® 1.200 Z
3.2 ™o 321 E
3 1.000 0
15 25 35 45 15 25 35 15 25 35
CCT Angle CCT Angle CCT angle
Intergral [Tm] over Peak in coil [T] SS %
90deg 6 . 4903 4904 4918 4.938 100
S—— o ——% 3 90.91
42 —4 s 905 9108 513
4 = -= — o o=
E Ko /'/_N' - ; g 90
36 ® 35
34 0 5 a0
15 20 25 30 35 40 15 20 25 30 35 40 & 15 25 35
Angle CCT Angle CCT Angle
Inductance [H]
L 8.484
2 85 8.052
o 8
L 7.25 Simple CCT coil 30 deg
7

1500 2000 2500 3000 35.00

CCT Angle

400 600 800 1000 1200

Position Along Path fmm)]




Nested castellated support between coil formers

TH
g, 551
e 5.5
= gk
23

This magnet has the torque of 140 F1 race cars in 1 m length



Mechanical design of 4-layer Canted-Cosine-Theta ' o T

| nested orbit corrector CERN gl
Qmm_ME.L‘BlodtlJmk‘ Kirby Glyn?, Van Nugteren Jeroen? \\ /) P i '\\

L P e s e et o, . - -
CCT fast FEA stress and L ——— N ' A
deflection new approach

called. bottons up spproach with divect generation of podes wnd elements by been usilived optinszing for the speed of model generation 2 the time consming meshing was bypassed The|

propertiez of the NBTi ztrands with the aumounding CTD-101K epoxy were obtzined with 2 dedscated bomogenization modsl. Resulting orthotropse propertie: were fully accounted for in the

option being the Canted-Cosine-Theta version. A fill parametric 3D modsl of the 4-layer MCBXF CCT comector has been developed wsing the APDL scripting in the ANSYS software. The, 50| ( r/ h ] (
| [smmalation. The shear stresce: m the KaptomS2.glazz=CTD-1 101K comgpoite bonding the layer: were computed. With the remults above the Emutz, the necezity o provade additional nipdity \ b /J 23,

aganst the torque was confimed — castellated design. The miluence of bowndary conditions was analysed leading to an opamal choice which kuut: the deformanion dve o Loventz forces to 91
um

1. MOTIVATION e 6. Electromagnetic forces |

by Rafal Ortwein now at IF)J
paper presented at EUCAS 2018

Ferce F, and

7. Boundary iti J
1% design sermion (symmetric BC) 2+ design teration (isgonail BC
o0

|

s AT | M e W
o =
L

o

Asduringtestina
vertical cryostat

8. Results — model without ¢

/|
>4 =
v v oy 5 e am oy |9 Costellated design
)
o
Layer 34

i Viclet former. Red - intertayes inzulation

Contac: pair between two Zyers

[ Bement CSYS algned
with cancucor path

11. Condlusions/future steps

1 S a%e masly temperung induced, oaly 25 % is the contribuion fram EM farces

2. Mavimum shear 5 3¢ 350ve S0 MP3, far Seyond the imit of 10 Mpa, thus castetations are receszary
15 hel€ the liver even £ the comaoste wil bake

3 Upcating the for the dimercons of the 2né desgn Deciding on the grometry for e £tn f3ye-

14th European Conference on Applied Supe(conductivily 12 References
1st-5th September 2019, Glasgow -

t tangent

= ——

—_ —

—~—— . E

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



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

)

[

4. ¢. 9. ¢. ¢

To get the magnetic field that
is produced by the tapes is
more difficult. | only know one
person that can do this!
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REBCO CCT IDEARS Quad & Sextuple paten pending!
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Dipole gradient adjustment with combined functions

QU d d ru p O | e dn d S EXt U p O | e (first pass to correct not fully optimized)

£ Settings

Ll Analyze

A 4 Line Calculation - line X v Line Calculation - line X = Export
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Rope twist pitch angle losses in effective current.

6 twisting currents

1 straight current

o ———

Rope Current

C,:,.-rr
Prg eﬂ"-’h
d{fcﬂ‘r ‘il‘fand
9 f
-'GE Eﬁr,— Eﬂaﬁd
Chy fo

T 116.62%

-— By

100% rope current

effective current in rope
for strands that twist

7 strand Rope Current loss due to twist pitch

35
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25
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15

10
5 545
0

33.11

Extra % Current [A]
&
Twist Angle [Deg]

4 B a8 10
Twist pitch [mm]

—e—Angle  —e—Extra current % needed

12

14.04

—* 361 356
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Peak field in endS v l~” Path Calculation - path

=3 Export & Settings Ll Analyze
The peak field is at in the coil ends and occurs due to the :
. . peo . ’ B
not having an infinitely long coil, _ y

By
HE:z

Mgn. Flux Density [T)

On axis field plots

-500 0 500
Mid Position Along Line [mm)]

|[#* Path Calculation - path
«$ Export & Settings Ll Analyze

: We see peak in the coil ends
05| HBx ~
By

0~ MBz =~
-0.5

-1
-1.5

-2

Mgn. Flux Density [T]

-2.5
-3
-3.5

0 1000
Position Along Line [mm]




Peak field Smoothing

v €3 Mesh Calculation - Mesh2

«¢ Export @ View & Coloring

3< Clipping Ll Analyze

v Peak Value X

< Export € Settings

Loadline Fraction [pct]
Name vmax [pct]
dipole_pt0 4.29¢
Dipole_pt1 72432

<% Export & Settings Ll Analyze

4

T oo asne We see peak in the coilends * 5 —

| |:F
2

Mgn. Flux Density [T]

I i'V‘MWIWWW"WWWM\M\w\%

Mgn. Flux Density [T]

1000
Position Along Line [mm)]

1000 1500
Position Along Line [mm]

Loadline Fraction [pct]

Pitch

Along axis z

v



Peak field due to spar thickness

or more precisely the gap between

COi |S 7777, ' 2. \\\\\\\\
(RN
Ng

- ..

EEEemEmmun!

fixed central field at 3.000 [T]
37

ses « Export @ View & Coloring 8< Clipping Lll Analyze

Decreasing coil gap

w
o

3.55

Peak field inner cail Spar th'CkneSS
35 l —8— Peak field outer

Peak field in layers [T]

3.45

3.4
0 2 4 6 8 10 12

Spar thickness [mm]

As the SPAR reduces in thickness the layers
get closer and at 5 mm (for this coil) both

E
>
=
v
c
!
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>
=
o
c
oo
=
e
(=]
D
o
=
-
c
oo
)
=

inner and outer coil peak field are equal In this image the peak field
further reduction in the gap increases peak has started to be leveled
field away from the ends
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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.

Aluminum support
clam-shell ~ 30
MPa with

0.15mm deflection

wvon Mises (N/mA2)
2.932e+07
2.642c+07
- 2.351e+07
- 2.060e+07
.“ 1.769 +07
1.478e +07
“,_ 1.187e +07
"\ 89592406
6.050e +06
3.140e + 06
2.308e +05

Teld strength: 2.150e +08

370 kg Clam-Shell
Curved CCT Coil
Support

Thanks to Oliver Kirby for the modelling



Channel layouts some ideas

Some channels with different packing lay out

6 X 7strand. 3 x 7 strand ropes 19 strand rope 24 wires 22 wires
ropes 42 wires 21 wires ~ 5 kA 13.5 kA 710 A 710 A
~5 kA Je 61.09 % Je<59.6 % Je 78.54%

Je 61.09 % ' Je 83.8%



Log Stacking

Log stacking 83.8 >
Rectangular 78.45 0;},{)?;
stacking €2

&2
7 strand rope 61.09 P

Uk

19 strand rope 59.6

.."'
5 c .

MCBY coil pack
in Sweden

7 strand rope
0.3mm strands
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10 spools 90 spools

?
Fusillo 84 strand log stacking with
chisel base to add stacking



Yoke steel between apertures?

Bore field Magnetic length

Low current option — cross talk 5o
* MQY yoke diam. (475 mm) & 10/20 mm collars. 25 Le0
Field at which b2 of aperture 2 is 5 units iﬁ 156,;

35 3 1.50
31 145
32 141
33 136
3.4 132
35 1.29
3.6 1.25
37 122
3.8 118

Ref magnet Harmonics . .C)EO’
f(current) at 100 sec ramp

n 74 76 78 80 82 84 86 88 90
Aperture diameter (mm)

Limit of 4.5 Tm & ~1.8 m magnetic length 10 o colars -20 mm colars



Magnetic Field Optimization,
Independently powered apertures

* To achieve 5 Tm field integral with less than 10 units we first
determine the maximum field in one aperture that will not pollute
the field quality in the adjacent aperture.

Radial hybrid pole keys, aperture 2, both powered

e J More complicated than
T 0 S one plot, Details to follow!
0 . . .

2597

Multipole (normalized with 3 T)

[y

o
o
o
o
()
[S=Y
o
(SN
(%)
N
o
N
Ln/l
of
o

Bore field (T)
—32 ——33 ——2a4 a5 ——afh ——h2 b3 b4 b5 b6

ample of one configuration Presenting harmonic solution due to high
field in the adjacent aperture
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Inductance (H) , Driveing Voltage (Volts)

100

10

100 sec driving voltage

120000

100000

80000

60000

40000

20000

0
100 200 300 400 500

Magnet operational Current (A)

—e—inductance -e—voltage -e—turns

Turns per aperture

+&- 600A, 4 quadrant, 10V, with 0.7 to 1.0 ohm Dump.

Approximate Power supply Costs

Power converter Current Voltage Quadant 2P
Typel 16.5kA 20v  § 500
Type 2 13kA 8v 2 5 350
Type3 6KA 8v 1 200
Typed 22kA 10V 4 150
Type S +600A £10V or 240V < S0
Type 6 +200A 10V 4 10
Type 7 +120A 10V 4 10

te-e web.cern. -1 .stm
Power In 3~230V/16A
Power Out +/- 600A +/-10V (or +/-40V)
Converter Type 4 Quadrant
Control type FGC2 / WorldFip
Current Accuracy 10 ppm@ 30 mn
50 ppm@ 24 h
200 ppm@ 1 year
(1 ppm=0.6mA)

57




S230E

CCT Field profiles

004

Skew multipoles
003

- v - 003

Longitudinal position (mm)

-0.04
—_—2 —a3 . AS i
e B w— —  w—3  — AL

Absalute multipale (T)

Normal multipoles

a2
/\F 3
J X [\
=S 1——
kil 2N

N

g

\-2007/ 0 \"200/ 200

<1 \

\ /e \

a2
Longitudinal position (mm)

— £ 5 —

— — 80—l

50 microns systematic radial errors

Mo displacement

* CCT seems to be insensitive to positional

Small filaments 6um?

? We need to measure field in a magnet test
As we are not happy with calculations yet!

58



Effect of wire placement in channel

effect of stiff wire in large groove

distance along 2 (arbitrary units)
-~ -~
~ -~

Bl i abiiical e M e e ik D e e DA el A b D i A e A2

Following is +ve B1, B3, BS Last is with +ve B1, B3, -ve B5:

Ontario wonyg [ {wtiiary ava)
e
e oy | v
-~

This picture reminds me of a much stiffer cable.

Some Calculations to look at field errors due to wire misplaced in
the channel
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Field errors due to coil deformation.

We calculated the effect on the field quality of a squeezed/oval CCT. If the aperture is
stretched by 1% i.e. on 105 mm that is 1.05 mm extra. It only get 2 units of B3 field error.
To get to 10 units it would need to stretch by 5%. So 5 mm.



due to reduced resistance

SEI| TIME/FREQ LOAD STEP
1 1.5556 1
1 94 1

B
=
v,
-~y
[l
Gy

= i; =

T

i
o 1}
Cl ~ g
n& e

Forces are inwardat
the ends of all dipoles

1 LHC small apertures with
- wide coils are more stable




Aperture deflection cold measurement

Surface: von Mises stress (N/m?)

0.08 ;A:l,:‘}nn'
MCBRDp2 apertuer +&- deformation i
0.06 -
8m 45
Fe=3 0.0%
g 600 0.04 4
— 400 /
— 0.03 / \
2 200 /- -\ i
[ 0.02 vf B
£ (] [ -
< 4 00 [ = "
5 -200150 2 250 300 350 400 450 E g
- o
= -400 & E 25
g.)o “©.01 _.E .!
% -600 ©.02 \'E' ‘3‘/’ >
£ -800 \
003 !
-1000 oo \ 15
Magnet current [amps]
€0.05 N
—g— FEA deflection [um] on diameter =@ Measurment sensor +ve [um] i
007 05
-8 Measurment sensor -ve [um] FEA P
20.08 0.06 0.04 0.0z 0 0.02 0.04 0.06 0.08 'A' G
s Surface: sqrtf(u-maxopl{uh2)* ++) {um] Arrow Surface "
—— _0d_def 45 d def —— 90 d_def 135 d _def . ‘ aos T o
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© oo
E 0,02
c
09 0.01)
] — -
D Dll o
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S. H 0.04}
. 2004 ’
% ! -0.05/
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] !
0 T i i ; f i 1 oo
20 40 60 80 100 120 140 ool

Time [s]




Former material selection
Ashby..... plots and toughness

Machinability
Material availability

Insulating coating compatibility

Strength

Fracture Toughness
Notch sensitivity
Crack sensitivity
Electrical resistivity
Cost

4 Y Y T T T T T
=~ | AL6082-T6
— .
< |3} Ratio< 1.3
o
—
=

2 p—
e 54%6-0
(¥ SO83-wAN
= SA36-432! To5!
L 3 X T007-T6
L.._) '?gl
o FOP9- 68
-

1 1 1 1 1 1 1
200 400 600 800

TENSILE YIELD STRENGTH AT 4K, MPa

Columns support compressive loads: the legs of a table; the pillars of the Panhcnoggggivc
lfp{ «dex for selecting materials for the cheapest cylindrical column of speciﬁcd;’;&

t | safely support a load F without buckling elastically. You will find the equ
the load F,,;, at which a slender column buckles. It is )
n?m?E |
Ferie = —g—

Where n is a constant that depends on the end constraints and / = mr?t is the second
moment of area of the column (see Appendix B for both). Assume that the thickness ‘t’ is
constant. Plot the index you derive onto the Modulus-relative cost chart of figure 3.26 to
find the cheapest candidates.

1[ Modulus - relat | Technical
] ulus - relative cost/vol b i v L
SN, 8,C 3
1000 37 T 3 Siai i My—-d f A
3 2n alioys sgo\ AN
3 Carton stedls PO s d W akoys
1 Nontechnical sy T e K
b | c.mmi. : = Metals
] — o
i N alloys 3
= 1736 R P
"

g L = s W;:ZY' Vi a g R
9, 10 3 Wood S PMMA  POM o Composites 7 L"T
3 11 grown Y B, p
w ] Paper and : — O

- car ' ! PC ’ ’
» 1 — | P
2 4 J4iNatural —= | PP _ ,,, o -
= 3 materials O PE P
8 3 Wood ! Polymers R
Lomin < St P VR
E R PTFE P AR
» n.?c potymer 4%
o 01 % t ,r/
c 3 o7
3 Foams 8 Polyurethane L% 2% | (Guideines for
3 i 2 i Elastomers " Gukdotnes kv
> 1! Flexibie polymer Sicgne - "’, design
. .
0.01 o™ . . P e
3 \ o
3 iy 3
: ~ Polylsoprens // ¢ s
/ / p
0.001 31 o= 1 Natural rubber \Q/ P | 7
3 Butyl ;. “Necprene /s Mg
1 i g " ’ WA %
B - T ' - - : t
- - 1 10 100 1000

Relative cost per unit volume, C, g

Al 6082-T6 with a hard anodized surface

Calculate The Upper Limit For The Sha...
chegg.com

Figure 2 - Ashby materials selection ch.
co.pinterest.com

N

Material Property Chart - an overview | .
sciencedirect.com

e L e —
Doy | St
- 3 H 8

.

N - L= i
o P SPECRICSTRENGTH Sod g
et [ -
Egprn $-14. Srton Mt stess ant srenge
Specific Strength - Tensegrity
tenseqritywiki.com

Is there any relation between elasticity ...
quora.com

RIS
i!
g - AV
- | =
o o
ii

H

1 " o a0 e
o P seerh SPECIFC STRENGTH  Socd sovagth
[heden BNmRg) e e

Specific stiffness - Specific strength
www-materials.eng.cam.ac.uk
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von Mises stress [MPa]

1/107H
OF YIELD

-0.05 0 0.05

(a) Von Mises stress

Former

material
AL6082T6

2.1 Tensile tes at 4K

Tensile tests at 4K were perfomed with the UTS tensile machine on four specimens, mean values

and standard deviation are given in table 1, tensile curves were presented in chart 1 and sample

before and after the test could be seen on figure 1 and 2.

Sample N° 2 was not take in account since artefact happen during the mechanical test, values

were calculated using samples 1, 3 and 4.

AW-6082T6 at 4K

700

600

LT A

= —$1
E 400 2
2 A—
2 300 33
- ——54
200
100
0
5 0 5 Strain (%) 15 20 25
Chart 1 - Tensile curve at 4K
YS (MPa) UTS (MPa) E (GPa) A (%)
389 + 14 560 £ 7 79+3 176+ 43

Figure 2 — Samples after the test

20,08 A

Table 1 — Mechanical properties (Avergae + St. Dev.)

Strain Gauge Position

[20.05]A

"0

w

+ Constantan
Manganm

ee s TIGAI4V

NoTh

Col2-T6 Cany

AL

Tor

Electrical resistivity (107 Q'm)

0

AL~Bwony, cony
> ™r

0 7K 100 1000

Fig. 10: Electrical resistivity p (£2'm) of various materials versus temperature 7. Metals are plotted with solid
lines, metallic alloys with dot-dashed lines, and two superconducting alloys with dotted lines.

Stress amplitude Ao (MPa)
80 100 110 120 130 140 150 160

1

1

1

@ Zp 7Q_ur§

Fitofin(N) = a + bin(Ac)
Maternial: AAB082-T6, R=0 o
1 1 1 1
10° 10° 10 10

Cycles to failure N

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

Bond shear strength is very low

S/\.zau/ AK&».’
.fmmYZSlex’M

OO0l m?
—

R .. R

2 Tesea 5(6004510)y Jun

1
I
]
al e,
Focw = ! & &N ") 1
= 2 glass/Nb,Sn :
5"{” y"e_ss < f Aluminum-bronze CCT4 cable f; :
et a 1
/EOON — ., : . :
b= 60/ ,':}i ‘\ Epexy around % o1 0z 03 o4 05

A 4LOA T I35 MV

CERN CCT Shearat3 T ~ 2 MPa but
that’s not the problem, it’s the resin

low — double-lap shear test

b___—l; | C\\E:/D Preliminary results — fracture shear stress is

TestA

Fracture shear stress test of CTD101K/954/Nb,Sn
e ‘ . Rutherford cable at RT
Aluminum-bronze Epoxy around
N cables
= e

o O N @

S2 glass/Nb,Sn CCT4

Engineering stress, o (Mpa)

cables Engineering strain, ¢ (%)

* How does fracture shear stress of epoxy change
with surface treatment such as sand-blasting?

/

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

MY750 RT
%7 — Blank Steel b
----- Sandblasted - Korund
30 SLM
............. SLM - structured
25 4
£
=%
@
o 15
»
10 4
5 -
0

00 02 04 06 08 10 12 14 16 18 20
Displacement (mm)

large shear between layers at pole of bonded model




Fig.3 Loading conditions

* 2 _‘ 4

<= | '
n W '.§ e
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B *

g Tonsilo (poel)
]
Tension Compression Shear Cleavage Peel stress g
“
w
1 l .
iy — - — | ;e — —_— g
' |1 y
L
]
{1 3
Tension Compression Shear Cleavage Peel stress
stress component stress component stress component stress component stress component «

A bonded joint can be loaded in five basic ways (as shown in the diagrams above). Cleavage and peel loading are the most severe
as they concentrate the applied force into a single line of high stress. In practice, 2 bonded structure has to sustain a combination of
forces. For optimum strength, the bonded assembly should be designed in such 2 way as to avoid cleavage and peel stresses.

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

120 r

m; ................... 203Ktests | [Wm Tl77Ktests .
S S I SO | | - —
-  Resin shear strength I (B0 Jh  mill
| 1) S (|5 -
. | .

Epotek

Araldite Eccobond Stycast Epotek Araldite Stycast

FIGURE 4. Results of the compression/shear tests at 293 K and 77K

strength which is about 15 MPa for these adhesives. Only the Stycast adhesive appears to
have a significantly lower strength of 15.3 MPa. Concerning the spread of the measured
values, the Eccobond specimens show a significantly smaller relative deviation of 5%,
while the other adhesives have all relative deviations between 12 % and 16 %.

At 77 K the average shear strength increases considerably with all values ranging
between 70 MPa and 95 MPa. While all adhesives show improved strength at 77 K, the
Eccobond adhesive, with an average shear strength of 95 MPa produces joints with
significantly higher strength than the other adhesives. The relative standard deviation of
the measured shear strength at 77 K is the same as the ones obtained at room temperature.
The value of 8 % obtained with the Eccobond adhesive is also significantly lower than the
value measured with the other adhesives.

14

12 A

10 8.43 .00

292
. K M
U D M MD E
Surface treatment

Shear strength, MPa

Figure 2.
Shear strength tests of EN AW-2024PLT3 aluminium

alloy sheet adhesive joints after different surface
treatment methods: U - untreated, D - degreasing
(chemical cleaning), M - mechanical treatment, MD -
mechanical treatment and degreasing, E - etching A -

anodizing, Ch - chromate treatment



Impregnation ? What should we use?

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

BUT | 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......... ?

D 2 oo —— —
) teotaludisy o) Tovsg b b ) X
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15t winding test with the rectangular wire
I Ifailed!!!

The enamel rectangular wire
rotated as we tried to wind and
finally was impossible to wind
the slot!




Machining 5 to 1 ratio limit

. | 4 - Full-length yoking key
Cost Reduction Improvement Idea's =52
M/c time [min -
0 Jc time [mins] Turns in former Cost reduction factor
- . Former 800
‘;”"‘5'" Former | wall 3 | 300 60 57
Qo min wall [thickness 700
Wires in [thickness| at poles 30 50
eachslot| [mm] | [mm] 600
1 M | 5 03 | 16 25 5
, 540
2 M | 10 | 06 | 32 520 9 i 2
3 28 | 15 | 09 | 48 % X 400 ) ézo 2 2k
4 | 186 | 20 _r,12 | 64 El5 F :
5 149 ‘/{ I 15 8 5 0 :20
, 010 8 1
6 30 [ 18 | 96 9 200 Y
=
3 £ 0 |8
£ 100 ”
0 ) n 50k
B Db e 01234567 01/1\\23“67
00008300 Tool Diameter Tool Diameter
000000000 Tool Diameter
00000000
00000000 ,
000000000 Giyn A. Kirby CCT update Dec 2016 10

Costing is out of date! Much less now!
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Wire insulation iS keyl 55% overlap 2 layers + 3 layer spiraling

spacer rib !

Wire insulation & Performance

CERN 1.9:1
342.234 pm

filaments 6 um
Prototype stock
CERN wire
Magnet SS 55%

988.992 um

11kV wire

insulation

Strong bond to
wire!

175.290 pm

188.655 pm

19t11

1026.630 ym

-—Ct
-t
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Bonding Polyimide into wire

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!

Comparision of Wire Performances
,CERN Ref, CERN degraded, WST wires , with 420 Deg C Insulation Heat Treatment

; @ 45K and 1.9K
Profils prototypes 22/01/20 %

Température C

355A
Noménal 5 Tm

Vitesse de passage :10m/mn

Profils thermigues :

Protatype 1: 270-275-280-285-290-290-V300 — CERN Red 0 225 & %X CERN R 0825 1 8¢
Prototype 2: 290-295-300-305-310-310-V300 rs A y - B o

Fotid [Teds)

—o—CIRNQ22S 4 SK(MVAX) Polyimide insullation
e CERN 0 825 45K {MIN) Polyimide insulation == CERN 0 825 1 95 (MAX] Folyimide mnsuiation e CERN 0825 19K (MIN) Polyimide insulation
20 30 50 &0 80 00 wtee CCT Corntral Transfar function e M X Pl i Ol Caniy sl i 420 7% ST test wire Dec 2015 @ 32K
Temps de passage (s) W ST wire min spec @42 K we CERN TESY 45K WST sample Av w— CERN TEST 45X WST smaple man value

wnanCERN TEST 1 9K WST sample Av wewnCERN TEST 1 9K WST smaple min velve
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Channell Channel2 Channel3 Channel4 Channel5

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 !
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Beam simulation & heating test

Beam heating calc predicted increase the outer former above lambda 2.15K
Cold heating mjected 3 x the expected heat before quench! ;-

18.0°C

= [ A

Matching section: peak power density profile
(L=5.0x10%* cm2 s)

Vertical crossing Horizontal crossing

ok poer Ganaity prostie n the i cue (. » 8.0018% v o)

6 MGy/3000fb*

'

nmnnn;aumm m W0 e T 1 Wwe M0 710 e 1M M0 e e M
Dontance from ® ] Cntance vom @ ]

Pt e duraiy | o e’

b S
(0]
‘g
g
= &k
<
|7 emae
[

Peak power density values well below 1mW/cm? in the matching section

Dose values /3000fb' up to 12MGy in front face of D2 (for horizontal crossing)
CRITICAL POINT: the overall good result (despite the significant restriction of the
Q4 aperture) is expected to be largely due to the beneficial presence of the masks §
on the outgoing beam bore (especially before Q4), as well as the TCLs and the
TCTs on the incoming beam bore

1 :&' You
added an update

X

s

X

x

Heat load from radiation. T mW/cm*3 (1000 W/m*"3) was applied to the full cross section
and fixed the former boundaries (i.e. the interface with the helium) at 1.9 K.

The result of this calculation is that the peak temperature is 2.15 K. This number is mainly
determined by the thickness of the polyimide insulation separating the middle former from
the innermost and outermost former. Here | assume a polyimide insulation thickness of
0.2 mm and a thermal conductivity of 0.0037 W/(m*K).

The heat load towards the helium is rather low; | find an average load of 14 W/m2, well
below the Kapitza limit of 35000 W/m2.

1o conclude the temperature in the coil will not increase above the lambda point. However
boundaries are in perfect contact this may not be the case in the magnet.






15t cold test quench performance Shallow

Training AP1 (all 1.9K except last event)
 Three quenches to

500 .
4,'/5 K nominal current
A - - e Two last quenches within
450 / 1 A of ultimate current (in
A EE13-EE14 the deCEIGFati.ng ramp)
_ o EE14-VCL * No precursor in any
< 400 quench
%‘ VCL-EE17 e Afterwards: held 2 h at
= ® EE1/-EE18 ultimate current
35 350
~ X Other
= No Quench Protection: first two Deep
. guenches above
300 Nominal .
_ maximum allowed Ql
— Ultimate (hotspot temperature
250 ~350 K)
0 2 4 6 8 * More on this later

Event #



. . W "t te th ition i d
CERN Training AP2 Blue outer former quenches  shallow

Training AP2 (all 1.9K except last event)

A+ e
500 is = =
Y ==
450 EE25-EE28 R ‘\: S
'gf —— A EE23-EE24 B
VCL-EE27 ¢ EE24-VCL I
< 400
2 VCL-EE27 =E
5 ® EE27-EE28 -
3 350 * Very long training, mostly
X Other on EE27-EE28
= No Quench e« After 32 quenches: no Deep
300 Nominal quench below nominal
—_Ultimate . Aft'er. 40 (.qu.enches
training finished to
250 ultimate current
0 10 20 30 40 50 e Held 2h at ultimate
Event #

* Quench #37 is symmetric



Current (A)

550

500

450

400 ||

350

300 |7
250 |4
200 My

150

100

50

0

Quench training | Superconducting magnets

Training History of the HL-LHC CCT Coils

direct-winded:
——CB02
—=—CB03

«~— (CB09
wet-winded:
——CBO1
——(CB04
—s—(CB05
—— CB06
0 10 20 30 40 50 60 70 80 90 100 1100 120 130 140 150 160 170 180 190 200

Quench Number

LTS quench with very low
energy input

Current (kA)

25

20

15

10

Thermal

cycle of Wax
samples \

BOX Training Curves

Wax -1
=—\Wax -2
=\ix 61
==Y 750
=—(CTD-701X
=—(CTD-101K -1
==(CTD-101K - 2
--lc (23,8 £ 0,2 kA)

0 10 20

Quench #

30

40

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!




Stress in the channel IS it + or — ? principal stress?

[remernre |
140°C .—..\‘ e
st Resin
| ~+ Lim
Von Mises
MPa
I 3
B 55 20
] 8 36
] 99 59
0 114 69
129 101
144 118
159 134
- 174 150

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



Free at the Wall

The bonds will brake at the surface: | Von Mises .
of the insulated wire and at the  MPa
walls with ~ 5 MPa in shear or 10 = ‘5‘2 ‘
MPa tension. I ss
I 99

At 4 K one side will has released. E Eg o
When the magnet is powered the ] 144
other side brakes free, (quench?) [ 159

4 Bl 174

Von Mises stress in the resin Mpa

BE+07

5407 Y v
Ev07 J3L1EC
P
Figure 17, Shear stress (te) In Pa for the 2™ case with ki al contacts {4=0.3): a) after cool-down to RT (step 3), thear stress limited to £7 MPa,
b) after cool-down to 4 K (step &), shear stress limited to £40 MPa



Coil stress on channel

CTD101K at4K 150 Mpa to 4 MPa

-738863
-234335
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A

735837

.14BE+07
.222E+07
.296E+07
-371E+07
.445E+07
.519E+07
.593E+07
.668E+07

Figure 12. Shear stressrin the strand, resin and Kapton: a) Step 1, b) Step 2, c) Step 3, d) Step 4
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Figure 13. Von Mises stress in the strand, resin and Kapton: a) Step 1,

(==
.134E+09
L BEIITL 50600

b) Step 2, c) Step 3, d) Step 4

After one-time thermal cycle

after cooling down

CTD101K 12 mm/m

After one-time thermal cycle

78399.8
Ol 245601

412803
= 580004

L PP

.414E+07 8

.430E+07
. 445E+07
.461E+07
.477E+07
.493E+07
.508E+07
.524E+07

.540E+078 -
Figure 13. Von Mises stress in the strand, resin and Kapton: a) Step 1, b) Step 2, c) Step 3, d) Step 4

Gravity Is included in the simulation (y direction).

1 the 1% load step
/\fteewmmn-nx-hunm
CTD101K . -
. 269°C
With Powders NS o m Gz
IIIIIII P;::wr
[1ee]
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CTD101G 5 mm/m

CTD101G at4K 47.5 Mpa to 6 MPa
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Internal forces

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

S
Sheav Aren: C\S@

=2

Sram ¥ Csiks x | m o | § —_
; O0Im?
= EJL. PV VAR E . ;

Fovee = Bl F t=0 (i.c. regular operation),

2 Teseax(boorr10), Ty max Lorentz force per strand: 1070 N/m
FM =/ & &N
" Rl ] T

Shewr Stress B % A Stable Stacking

’t i Lox-ﬁ—}‘)n'- 7\,

D LooA T2 1-IMA
D 4EOA T I3E MV

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




We'can s€e at-the
“ winding stage that the

~“Wwires-are miss placed "




Temperature [K]

101200 %, T = 1.3 K, g = 47 4 A, Sormarang = 63754 A, Sucation # = §374, Vemesste = $3279 ¥
1501290 5, abeiVipound) 3500 V. sba(Voround ghotult £315 V. push Vees Totsl » 5521

B Peak imbalan
voitage be'

i ng !
~150

Strands on inner former

Strands on outer former

Voltage [V]

I N
ot R
N "
- e e
7
~ / .
/ \

Inner + outer former )

Thick outer cylinder

Position along length of strand x [m] Position along length of strand |

Inhomogeneous quench-back: Inner-most stran
quenches before outer-most strand, strands on |
former quench before those on inner former

Quench
patterns in
CCT’s thanks

to:
Dr. Matthias Mentink.




Temp of formers quench-back

Temperature sensors in formers.

* Monitor and control cool down

 Measure eddy current temp rise quench dT 20 K
 Measure beam heating in LHC

feeC - RRR#30]

|o‘ R T T L L L LT L L L L L
} ;—‘\LRRR-}O
b e e B W s B e e e - i_.n «RRR=30
== SS 3041
0g- ey e w— -

;- *Al 6061-T6
* Constantan

1

= * Mangammn

e
I

Electrical resistivity (107 Q2'm)

1w 1 r"’le.\N\'
RN ) ]
. AL GoZ2-TL Coay
Tor
AL*@W)» cany
I LI LI IR . 4
I 0 7K 100 1000

Fig. 10: Electrical resistivity p (2'm) of various materials versus temperature 7. Metals are plotted with solid
lines, metallic alloys with dot-dashed lines, and two superconducting alloys with dotted lines.

Dump Resistor:
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s I
Quench
10 Quench O806A
@363A
25
20
x
-
15
10

The temperature rise after quenching@sampling rate 2Hz

Before this, the quench data of

b= i - i i b i S B M

Dump Reslstor: 417.7A and 433A were not obtained.
Metrosil — Quench
Quench Quench :‘::u ©a24A @438A
@396.5A @405A  uench Quench Quench
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All the parts for the model magnet and tooling




Remove sharp
edges before
anodization

Radii are very important

" N N\
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Wire Cleaning,
Voltage test,
Size measures.

88



10 spools with insulated wire,  Wire cleaning, Hard anodized aluminium 6082-T6 CCT former

89









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
of a glass resin, the ends are also protected be a /|
labyrinth insulating ring. i




I11.Splicing / Jointing

Short MCBRDS : 21 splices per aperture
Prototype MCBRDP : 9 splices

45 mm long L ‘

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

Sn96Ag4 welding alloy
Flux MOB39

Poly-imide sleeve for protection

600A joint Copper tube tined with solder , crimped , and soldered,

Connexion box







Voltage in the circuit with 2 ohm EE at 395 A

- 790 VOltS A + LEADV2A + // Inner Left Outer
dv = 79 71.1 Cuclamp 3 e - Ll 1 o ,"'“: """ \
SPLCES | L2
Metrosil e - E—— .
= : i [i—)
Voltage 2 ohm 2 ohm § PO — : ‘ .
position Dump Res. [ equivalent 2 g : i —
# [V] [V] P g i | =
1 790 | 71 M\ L nlsT —
2 711 639.9 _;g; =l o —
3 -632 -568.8 g : =
4 -553 -497.7 « i -"&: L,
5 -474 -426.6 TDC n e ; o
I : —
6 -395 -355.5 3 2 A0 — — —
7 -316 -284.4 'Ill _ o ) s . 3.
8 -237 -213.3 | o o -2
9 -158 -142.2 O VOltS Ter:s:somtrure_%g :d:
10 -79 -71.1 Earth e
11 0 0
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Energy Extraction optimization for low hot-spot & low Vmax

EE Resistance [Q]

e e e
o MRy 0 O

= R LA

MCBRDP2 Test at IMP EE Voltage & Resistance Comparison
betweenthe ~2Q Resistor & Veristor (Metrosil)

1000
L4 Voltage Resistor= 2.114x+3.1391 900
: e 800
: = 0.676 o
. 0 Metrosil= 89.855x @ o 200
SR —" o 600
Voltage Metrosil = 89.855x%3242 - 500
400
300
R 200
s ® . 3G ee D-0D - 100
' Q) Resistor = 8E-05x + 2.1024
0
50 100 150 200 250 300 350 400 450 500
Magnet Current [A]
—@— Res (EE Resistor) @® Res(EE Metrosil) ® V (EE Resistor)
—8— V (EE Metrosil)  eeeeeeees Linear (Res (EE Resistor)) — ====eeees Power (Res (EE Metrosil))
********* Linear (V (EE Resistor)) «sesenaes Power (V (EE Metrosil))

EE Voltage [V]

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%

96



Magnet yoke assembly

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. 97



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

« 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)




Symmetric Quench detection card

INT

, FE2  EE3
* QDS setup (baseline): — lead+ \_ |
° 23(EE3_EE5) - (EES_EES) Toess3 | cezead | 9
* Trigger after 4 ms @ 100 mV < g : + -
E 833 B _ EE4
Tv2833 EES
setup: £
2€2833 - VCL
» (EE3-VCL) — (VCL-EE8)
* Trigger after 10 ms @ 50 mV p %ﬁ 5 m——  EE6
% . — EE7
112833 | 21833 Lgad -
}
FE9  EES

New protection card against symmetric quenches!



mid- MARCH ready to place orders

Main work shop project. COST Of CCT magnEtS

C= T = [ = =1 = = = [ wo= T=! =

S Cron a
S MACRS T COu ASSEMELY
3 ErmasTy marh

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

LHC MCBY had 500+ drawings

Cost for low production quantities

can be % that needed for the

classical design

100



Big Thanks to Jerone for his Field and now Rat programs

Used for Designing CCT’s and much more!

CCT Customization

* For CCT magnets
quite a bit of
customization is
possible

The magnets can be
bend and the
harmonics can be
calculated along a
path

* Combined function
magnets can be
created with varying
harmonic content
along their length

Types of Calculation

* Current calculation types are:
* Line —The field A/B is calculated on a provided path
* Grid —The field A/B is calculated in a volume grid of points
* Mesh —The field A/B is calculated on the mesh of the coil
« Surface —The field is calculated on the surface of the coil
* Harmonics —The coil harmonics are calculated along a provided path
* Inductance —The inductance matrix and stored energy is calculated
* Tracks —The field B is calculated on a mesh after which it is used for particle tracing

Flux surfaces from Vector Potential

“ [l
L 4 |
'

Particle tracing in sextupole

Reducing Complexity

Direct Biot Savart Method . Consider a system Wlth N

O(NXM) sources and M targets

* Each line represents a
field evaluation

* Straight forward Biot-
Savart integration leads
to complexity O(NXM)

* By using the Multipoles
Ofh+M) ! and asa
' middle-man the
complexity is reduced to
O(N+M)

Multi-Level Fast Multipole Method (MLFMM)

n=m) o .
rve) "™ P (cosa)
)

What is New/Different

* Itis written in C++ to avoid dependency on
proprietary software (more work)

This means that post processing is done in VTK
and Paraview (OpenSource)

* In RAT all the steps of the MLFMM are
vectorised using (mostly) dense matrix-matrix

A
(\_/)
g =(AA)=
products #|9(d2 (")_(") ‘ 7

* As these are part of BLAS (CPU) and CUBLAS UNIVERSITY OF TWENTE. @

Ny

AL, b o

(GPU) they can be executed in a heavily -
optimized way <)
The Armadillo library is used as a wrapper

around BLAS as it results in code similar to
MATLAB

* The sources and tar?ets are de-coupled from
the MLFMM. This alfows for running almost any
1/R problem. Like stellar dynamics.

* The GPU S2T step is written using tiles making
better use of shared memory.

* Rat does not have a GUI yet



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.

ResearchGate

O.B‘ o.e :

G., is this project from your current lab?
Link this project 10 your b 10 increase the visibility of your work.

Pb

| Project
l  LHC hi- Lumi orbit corrector 5Tm CCT
| @ G Xiby @ J. van Nugteren - @ Michas! Koratzinos

| Goal: Ancvel design for one of the CERN LHC h- Lumi upgrade magnets.
A twin aperture STm 105 mm aperture 2.2 m long 4.2 tonnes Nb-Ti 3Tesla magnet. That will be
| used 1o bring the LHC beams into collsion

Show detads
Updates &N
| Recoenmendations 9
Eollowers 45

Reads ©

‘ Overview Project log

References (12) Questions (1)

W Ui WP_pot A B OMIENESIDAE o8 A

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
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Dipole pushes beam
round the corner.

Two layers cancels
the solenoid field

curvature adds other
high order
harmonics
guadrupole + ......

............

—————————— PN\E
e ADNS
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DP 204
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Quadrupole focuses in one plane
+ & - Current effect on beam rotates 90 deg.

b, ~
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v
!
|




Sextupole beam manipulation







Design features

| (@

Fusillo curved CCT CERN
project 2022 - 2024
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Harmonics Calculation - Aperture Harmonics

Harmonics Table Main Harmonics  Skew harmonics  Axial Field
harmonics given at a reference radius of: 66.000 [mm]
Normalized Shape Order  Bn [T.m] bn

Order  An [T.m]
Al 1.43e-09

AZ 1.84e-08

A3 -1.52e-09

Ad 3.44e-08

an
0.00

0.00

-0.00

0.00

B1 2.43e+00

B2 -1.23e-05
B3 -6.96e-05
B4 -2.27e-06

-0.05

-0.29

Mormalized Shape

Effect of tight curvature

——————

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

Order

B2
B3
B4
BS

Straight

-0.23
-0.696
-0.0227

Curved
std calc

-333
-3.36
- 0.406
-0.0411

Curved
compensated

-1250
7.66
-0.294
-0.029

Harmonics Caloulation - Aperture Harmonic:

Harmanics Table  Main Harmonics  Skew harmanics  Awal Fald
harmenics ghven at a reference radius of: 66,000 [mm]

Crder  An [Tm] an Piarmalzed Shape Order  @n [T.m] bn
1 185007 .00 B1 278400

az 26008 -0.00 133800 445,02
A3 1.72e-07 200

e 10807 173

&

113007 oo " . BS 290005 o0 P

v Harmani s Calculation - Aperturn Harmanics
=% Export

Harmonics Table  Main Harmanics  Skew harmonics  Axial Feld

harmanics ghen at a reference radius of: 66,000 [mm]

Oriter  An [Tei] an Misrmalised Shape Crider A0 [T bn Hinrmalsed Shage
Al 1.40e 07 oo B 27800

AL 26Dl Qi B3z H0

Az 1.76e.07 aon \ E2 -336e.04 -1

L3 1780 i (=3 OGe-L! 4.

L 19700 aon ES 411006 0.0



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




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

Figure 1 Half-shell interior roughing in bulk material

MIRROR
FOCUSING
WORKPIECE

of ,,“
| :;-'

ﬂqnqn

Figure 3 Interior finishing

38 mm

40 mm
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= Winding OUTER layer
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Cut through all layers at 45
deg to the horizontal axis
cut 6

Cut through all layers of this
end section.

Including the stepped pin!

. with an off set to get a
surface that its on the center
line of the stepped pin cut 7

Center cut 1




Wet-winding with epoxy-blended CE resin

(A countermeasure against coil end deformation)
Shear strength Painting test

B CE 100% (BT2160)used in MBXFS1
B EpoxyA60+CE40, no filler (EC-1HA)

B EpoxyA60+CE40+filler7% (EC-1HA-F7P)
B EpoxyB60+CE40+filler7% (EC-1HB-F7P)

Shear strengt

Not tested for EC-1HB

Four kinds of epoxy-blended CE resins provided from ARISAWA were tested
Epoxy : CE = 60 : 40 for all resins
Viscosity: lower in epoxy A, higher in epoxy B
W or W/O filler (to control viscosity)

- EC-1HB-F7P (Epoxy B + CE + 7wt% Silica filler ) was selected from acceptable
bondina strenath with highest viscosity




~ Nested CCT and Rad hard spacers,

’ - Vectra®/Zenite® LCP

" w0

liguid crystal poly
iquid crysta L.r:gmcr
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73 200
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You Mar 22,2018 v
added an update

&

Damaged Former : (. and it's repair ! : j

One of the inner 2.2 m cct formers was damaged during mounting into the hard
Anodization tank. A second problem was encountered when too high current melted the
connection point.

We repaired the damaged channel section, thanks to the main cern machine shop team.

Look for the picture on the initial repair. 122



Winding
Winding- Assembly EXTERNAL
tube :

= Pin for initial alignment

Isometric v
Mass: 57kg

Mass: 7g

= - s >
lu: THOSE SRICA T0 2013-06.0% REGARDLESS ‘1':1 m"vh‘m,l

123



Stable Stacking




MCBRD CCT 2-layer Max Field is between
layers at the ends




d strand =

# strands in ropes =
twist pitch factor f=
D rope dia

twist pitch dx f=

r

4.6 start

a
rfa
angle twist=

6 twisting currents

ey
1 straight current B

Rope Current

30.96 deg

2.5

field in magnet using
rope with 6 round 1
layout with this twist
pitch.

1 mm
7 for 7 strand ropes with insulated strands, powered in serise
5
3 6 stranss producing ~ 85.75% effective rope current
5 mm 1 strand producing 100.00% effective rope current
1.5 total effective rope current= 87.79%
0.6 Extra current to 12.21%
produce requiared

Rope cross section is not
a set of circules !

effective current in rope
for strands that twist

Extra % Current [A]
&
Twist Angle [Deg]

Twist Pitch  Angle Extra current % needed
46 3311 13.92
6 26.57 9.05
8 20.56 5.45
10 16.7 3.61
12 14.04 2.56

35

33.11
30
25
20
15 3.92
10
5
4 6

—e—Angle

7 strand Rope Current loss due to twist pitch

6.57
56

14.04
05

2.56

8 10 12
Twist pitch [mm]

—e— Extra current % needed

14



urved tube manufacture in GRP / W

We can make curved GRP
tubes on a reusable
mandrel!

This produces an accurate
inner tube surface!!

The magnet cost can be
reduced significantly < SSS
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
| Searstress

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

-49
-38
-27
-16
-6
5.1
16
27
38
48

The we expect the bonds to start to be broken. In
some places and not in others.
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Impregnation 2 to 5 bar over pressure

You
added an update

Impregnation of first long aperture & 2nd waiting

The resin filed the coil in Thr 5 mins. A press of 2 bar was applied without any leak. 4 kg in
total of resin was in the system. With about 3.5 kg in the magnet. We will increase the
volume for the next apertuer.

The 0.5 m model filled in 55mins.

CCT-2.2m-Prototype temp during impregnation and polymerisation cycle

24th Dec 19:43
noe

——External tube

» 8°C

CCT-2.2-MCBRDP-3-Mold temp during impregnation and polymerisation cycle

14th Nov

130.1°C
13th Nov 01:52 16 hes

T1 Blue Inlet 1158 °C < ~

T2 Orange Outlet r

T3 Grey mid-magnet

12th Nov 23:32
83°C
13th Nov 07:31

115.9°C
13th Nov 08:45
5 days outgassing .
- v | 12th Nov 15:33 132.2°C
- 81.5°C
\%\ 14th Nov
Prapeion. o e COR MCRSRZ I st Avring anemeriaation 2
" » 66 *C
’I\__)B’aﬂ'l‘) hrs P

12th Nov 14:31
48°C
|

[ 2 BAR

CCT 3 Impregnation: Temperature and
Pressure Plot.

The attached plot gives the overview of the
temperature and pressure profile during impregnation.

130



Cutting tool 5 deep to 1 wide ratio of channel

FAA SN 628 40 € X T

\ N
&
!
éi
5

-
-

10mm 9mm 8mm 7mm  6mm 5mm 4mm 3mm 2.5mm 2mm

Min wall 0.3mm with 2mm wide channel



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

By pitch increase in last few end turns,

normalize length

ACCGRANNMNANNNNNNN \ normal omega
(CCMNNAN NN MANN interp ¥ omega
BN R N N N NI .
. N ' 6 -+ npoints
\ . N . . S
' PN S S -0.575 0.03 0
— - 0544 003 1
/ o~ Path of the Line
) plot , close to -0.43 0.00636 2
peak field 0.43 0.00634 3
¥ |7 Path Calculation - path X ¥ PeakValue X ¥ Point Calculation... X 0.544 0.03 4
« Export & Settings Ll Analyze «$ Export & Settings «% Export & Settings
: ; 0.575 0.03 5
- Magnitude of Mgn. Flux De Mgn. Flux Density [T]
E: 0'3 | WBx //~f\~\-—-4-""‘m,¥ Name [mm] vmax [T] id 1] Bx[T] By[T] Bz[T]
fé o By 7 Dipole_pt0 3.050 3.573 0 0001 -3.000 0.028
g 4 WMB: Dipole_pt1 12.709 3.433
X .15 x-axis_pt0 100 3.007 .
= 5 y-axis_pt0 100  3.007 linear ¥ rho
3 -axis_pt0 100  3.007
§° '2'3 SR 118 mm - + offset
3| .
0 500 1000 1500 2000 10 mm -+ slope

Position Along Line [mm)]






Insulation system
LHC dipole Nb-Ti wire 0.825 dia 1.95:1 Cu:Sc with PVA or PEI. 10 joints ,in 2 layer joint boxes at both ends
Enamel coating, then S2 Class 0.05mm thick sleeve, Resin - s

Impregnated. Former Hard anodized.

() .‘,;,' -

S

5 2

Strand |Filaments

Courtesy of : Amalia Ballarino & Angelo Bonasla
Conductor section & CERN

Glyn A_ Kirby CCT update Dec 2016

2 x 5 wire coil, Hard Anodized former
this is part of the ground insulation design

Clean Aluminum
Before Anodizing

Anodized

Vacuum bag impregnation is just a
fast initial test we plan to
impregnate with 3 to 6 Bar for the
final coil assembly.




Some interesting resin data

FITTING COEFFICEENTS FOR EMONES

CTD101G

But would need to
be wet wound as

Bama did !

—L_L'T"n¢+-!rT-I-fTJ'+LI'T’-1-rJ"|'-I-_|"T5
L
Subsrance 3 B € i - |
1270 443603 L5500 4. 30e-07 135609 -3.8%e-12
J1.30 70704 118e04 7B2e07 26309 3 40e-12
G200 40504 2 ATl H51e07 285e.00 3 e ]2
Blisescore L0780 11l S a2e0? 21309 200012
CTDI01G 535 18403 T 26205 7.17e08 1.88e10 45313
CITDIOIE A2 10 42T 00§ 900 2 0007 36910 4.27e 13
CTDEO] with Fibee 10 14900 4 34008 25707 25e-10 -1.1%e-12
CTIRND]G with Filire 210 1. 1403 43105 -2 01007 Flle-10 83013
CInsE] 11,60 22%:-03 23308 85507 291609 376212
CTD52] {mixing) 206 .Ml 413005 7 D0e-08 T S5Ie-11 27013
CTDRSE]-540 251 38307 1480 533007 J4le-00 -3 33e-12
CTDS21-540 with Fibre 211 B07e04 434205 -1.40e07 33910 18413
_i:mm SuperTnFFcryvoresin <242 1.09%¢03 546005 -1.50e-07 165610 -7.53¢15
CTII528 SuperTnFRoryoappls <1150 103203 :1Befsd 743607 2586080 3d4e.132
CiD-Df 5.1 4530 4 608 288504 -]1.6Fe06 TETe08 D11edd
CTD- 5.1 with Fibre 178 46104 406005 J5608 69010 112e-12




CTID101K,
12.0 mmm

3.8 CTD101K

description: Anhydride cured epoxy. Radiation resistant. Made by Composite Technology

Development.

weblink: www.ctd-materials.com

Thermal Contraction at 10K {mm/m)

Start Temp (K)

End Temp (K)

-12.04

109

289.5

L— L393

w3
Coeff Value
a | -1L.2le+01
b 4.27¢-03
© 1.90he-004
d | -2.90e-07
e 3.69%¢-10
f| -4.27e13

= a+hT+eT 4 d T e T F T8

R Squared | 0999976

N CTDHMEK
///
-
el
- 4
-
-~
-
-
//
//

=TT J

14 L L L

o a0 10 5 200 25 w0

32 CHAFIER 3

CID101G
5.3 mm/m

3.7 CTD101G

description: Alumina filled, antydride cured epoxy. Radiation resistant. Made by Composite
Tenchology Developrment.

weblink: www.ctd-materials.com

Thermal Contraction at 10K (mm,/m) Start Temp (K} | End Temp (K)
532 1.7 298.2
L—1L. .
=2 b T4 T A T e T TS
Loy
Coell Value

a | -5.35e+00

b 184003 | R Square | 0999570

7.26e-05
d| -7.17e-08
] 1.84e-10
f -4.53e-13
CrounG
r T T T )
i o~
g
E.
. "
ol
'E: .
S T
g " messured
p— fi
& ' ' i 1
a 50 1y 150 200 250 R0

Temperature [K]

EPOXMIES 31

CTD528 Super
2.4 mm/m

3.15 CTD528 SuperTnFF-cryoresin

description: Epoxy made by Composite Technology Development for cryogenic uses,

Thermal Contraction at 10K (mum/m) Start Temp (K) | End Temp (K}
-2.40 11.5 294.1

= a+bT+e T +d T 4eT 47 T°

Coeff Value
a | -2.42e+00
c 5.46e-05
d -1.50e-07
© 1.65e-10
IS 7.53e-15
s - . CTD528 Sllpl'l’l'lnl‘l'-t'r_l'unsin i -

S0 10Kt 150 i) 250 Rl

EpoxIES 39




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.

| PRISMO i1

Target value under 50 um

lateral shift [nm] S 0.0686 0.085 0.0988 0.0824  0.0252
r [mm] 68.15 68.15 68.15 68.15 68.15

Angle in [mRad] 1.006603 1.247249 1.449743 1.209098 0.369773

CERN Green apertuer outer former dipole Angle
from CMM measurment [mRad]

Annexe

15 ()
1
Largeur 2.1 generatrice 2

0.5 Largeur 2.1 generatrice 1

219

217 L2

3
.

Line 1# and 3# : pick two points from each groove

Line 2# : pick four points from each groove
P153Y P154 X

PO1Y PO3Y

Profondeur 5.2 generatrice 1

Fig3. Measuring Points of each
Groove
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Magnetic angle with respect to key slots

Measured Errors

Apertures without yoke

MCBRDP2 with yoke at room temperature

bn an

Angle
5.0
4.0
3.0
2.0

10

W VIOLET WVIOLET

]
] L 51 e |
'qqllsle789101112131415 WEBLUE

mrad

0.0 —VIOLET

) I =y
ML - b mBLUE 0 4 6 8 10 12 14 16 18 —ReD
34 5 6 7 8 91011 12 13 14 15 10
W ROUGE WROUGE 3
-3.0
-4.0

-5.0
Longitudinal position from non-connection side (130-mm step)

units

¢ & W N B O B N W & u
units

h b WN RO RN W Sa Wun

Angles within + 3 mrad

Multipoles within 2 units

Field angle +- 3 mrad that’s 0.05 mm
tolerance in position of wires in m/c
formers.

] . 139
Transfer Function < 5 units

Rref = 35 mm




15t winding test with the rectangular wire
I11failed!!!

The enamel rectangular wire
rotated as we tried to wind and
finally was impossible to wind

y =
We changed to a round wire

z"

Version 1, 1mm x5 mm deep winding test.
Tight to get glass insulated wire into slot without damaging the insulation but was achieved!
Former has some sharp edges. That will need removing on next models.

1mm x 5mm slot with 0.05mm
glass impregnated insulation

13[47um ]

4 ["43um ] .

¥

15 [ 48 ]

https://edms.cern.ch/document/1760644/1/appro
valAndComments .

Version 2,

Changing from 1x5 wires to 2x5 wires
1) Reduces machining time.

2) Increases machine tool size!

3) Increases number of joints

140



Machining model

rmﬂm'(f//r///(f/i//ﬁ(f/(// [
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Two or three turns in a coil can
be used to test the full magnet
design to its full operating stress
and conductor limits!




