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MCBRD: the HL-LHC D2 orbit correctors, 12+1 units, providing a 5 Tm
iIntegrated field in two apertures, vertical in one and horizontal in the other.
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Main design parameters of the CCT magnet

= Comparison of Central Field
Items Values ;’.ﬂ 3 ; : : ; ; Cooling hole
CCT skew angle 30° 2o [ mare O\ = / Hole for tie rod
N I | «
No. of turns per layer 365 < ‘ | B,=i1.69 : <+—— Hole for fixing pin
Slot size in former (mm) 2x5 = . R A
= | T thoutyoke | sy, erture
Spacing per turn 5.222 e - |=—with yoke I «— P
& 3 ‘ : : : ‘ : .
) ] ] b= -1500 -1000_ -50_0 0 o 500 1000 1500 — YOke all nment
Inside/Outside diameter | Inner former:105.35/119.35 Longitudinal position, = (mm) R AR 9
of the former (mm) Inner former:120.80/134.85 1200 —e— NDbTi(0.5m prototype \
1000 o —*— NbTi(2.2m prototype X : CCT Coils
Inside diameter of the 1t layer: 109.15/119.15 800 - < ) \
nd - —
groove/slot(mm) 2d ayer: 124.65/134.65 2 o0 5\% @ 614 mm
Reference radius (mm) 35 T a0 el g
Diameter of aperture 105 200 - Items Values
(mm) [— Load line of 2.2m prototype [ B
Current (A) 395 s 5 ; . 5 Diameter of yoke (mm) 614
SutacepniEhes; fho Sutecfigisidho BM Thickness of yoke lamination (mm) 5.8
25000008 o, AN Diameter of aperture (mm) 167
% 2.500000E+000 .
20000004400 \ \ Position of aperture (mm) 94.19
BN 2.000000E +000 4
1500000E+000 ‘ ‘ Yoke key slot(mm) 8(3.01) x6
I 1.500000E+000
1.000000+000 - U © O000E 000 Diameter of cooling hole (mm) 110
5 000000E 001 ‘ M}, P, Position of cooling hole (mm) 205
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0.5-m model coils R&D in China in 2017-18

https://indico.cern.ch/event/765288/contributions/3178832/attachments/1768774/2881344/20181212-
Short_Model_Prototype_and_Series_Program_of MCBRD_in_China.pdf

Development of the 0.5-m Model in China

Bore field / T 2.64
Current / A 422
Layers 5+5
CCT angle / 30
Turn width /mm 5.2(0.6)
Turns per layer 55
Integrated field / Tm 0.757
Peak field / T 3.1
Jo/lc 55%
I Slot size in former 2 mmX 5 mm, 0.6 mm for rib I
—
Tron yoke size/mm 614/539.4
ID and OD of two formers/ The first layer: 105 /1195 - -
]i mm The second layer: 119 /133 » 1# inner coil:
j Dia of wire / mm 0.825(767A@3T T00A@A4T) » 2# inner coil: the wire is 0.1 mm higher than the former.
0.99(with insulation)

Test of the 1st 0.5m Model Coil

Test
Test Procedures 50

of the 2nd 0.5m Model Coil

z data  time details comment
2018/7/14 8:40 cooling by LN2 check o
2018/7/14 9:20 cooling by LN2 76K, 75k e “snarsar
2018/7/14 10:05 discharge of LN2 77K.76k —
2018/7/14 11:00 dry under nitrogen  98K,88K " 543A @ 4.2K
2018/7/14 dry with heating
2018/7/14 12:20 cooling by LHe2 102K ,95k
2018/7/14 13:50 cooling by LHe2 41cm
2018/7/14 14:05 excitation 1A/s CCT magnet test procedure
= 2018/7/14 excitation 2A/s 483A quench data time details
P 2018-11-16  19:00 { LN2
excitation 3A/s from 2018-11-16  19:40 ng :yy N2

0 to 460A, 1A/s 2018-11-17  9:30 discharge of LN2
from 0 to 470A,

pause, excitation

2018/7/14 15:10 471A quench

2018-11-17 10:10  Blow off nitrogen
2018-11-17 10:10  dry with heating

2018-11-17 11:15  cooling by LHe

2018/7/14 15:18  excitation 4A/s 469.4A 22:::::; exxm g w 737(;35: m.en:.
e e 2018-11- ex 5 quenc
2018/7/14 15;28 excftau.on 4AIs 529A 2018-11-17 excitation 45A/mifl 392A quench
2018/7/14 15:44  excitation 4A/s 543A 20181117 excitation 45A/mil 468A quench
520A last 20 2018-11-17 excitation 45A/mifl 489A quench

2018/7/14 15:49  excitation 4A/s min, 551A

¢ HiLymi Y
quench —

489A quench at the wire 1# of inner coil and 2# of outer coil




Agreement For CCT magnets signed in Sep 2018 at IHEP

Connec tion to LHC (UL)
1 Service gallery (UR)

~_

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022



Related partners

Contracts of the materials and components for the 12+1 CCT magnets

NbTi wires: Contract with WST China.

Insulated wires: Contract with CGP France.

Coil formers: Contract with HE-Racing China.

Yoke laminations and end plates: Contract with KEYE China with iron plates from CERN

Fabrication of the magnets: prototype by WST, series by BAMA
« Coll winding and impregnation, instrumentation, magnet assembly.

Performance test

« Coll stand-alone test at IHEP: training to 530 A, then magnet assembly;
« Magnet test at IMP at 4.2 K: training to 422 A with iron.

« Magnet test at CERN at 1.9 K: double-check the performance.

QA &QC: IHEP & CERN and related partners.

i i CERN
D D) -
P Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022




Superconducting wires

= NbTi bare wire from WST China:
similar J. but with lower Cu ratio than CERN wire: 1.2-1.3 instead of 1.9

= The insulation done by CGP France.

WST strand versus MB outer layer strand fitting, corrected for Cu:non-
Cu ratioof 1.3

massive single wire
suppra conducting Nb -Ti alloy

1000.00 @ :0,825 mm
900.00
800.00 Insulation :
' double side FEP coated polyimide
700.00 tape
= ®  WST, 1.9K, without selffield width : 5,5 mm
£ 600.00 correction
¢
5 500.00 ®  WST, 43K, without self-field
= correction
i3
% 400.00 1.9 K fit, based on MB outer layer,
o corrected for Cu-nonCu ratio
300.00
= = 4.3 K fit, based on MB outer layer,
200.00 corrected for Cu-nonCu ratio
100.00
0.00

4] 2 4 6 8 10 12 14
Applied field, without self-field correction {T]

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022



Coil fabrication
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VPI

= Coil VPI for aperture V and H with pressure

v" Baking coil before vacuum impregnation at 80°C for 3 days.
v Electrical test before and after VPI procedure

Aperture V coil after VPI

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022



Magnet assembly




Fabrication completed in May, test completed in Aug. 2020 Delivery to CERN Aug-Oct 2020

MCBRDP2 4.2 K Test at IMP:
both apertures reached the ultimate current.

41K
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600 4 Ap. 2.quench
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MCBRDP2 1.9 K test at CERN

Each aperture, individually and combined, arrived to ultimate current without quench

MCBRDP2 at SM18, after training at IMP 500 : Inductance 970 mH
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Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022
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Progress of series production

MCBRD cB03 | Direct wind | cErn | #10A (training stopped due to the | 422 A, and passed 4-hour stability test
availability of the test station)

- MCBRD_CB02 CERN | Failed to reach the design current _

MCBRD_CBO01 CERN 530 A
Both apertures reached ultimate current
Magnet1

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022



550

Training-history of Bama coils CB1-6

500

450

A
'

Current (A)

Wet-wind: CB01, 04-06
Direct-wind: CB02-03

50 Training History of the MCBRD CCT coils at 4.2K

Ultimate current
for magnet:
422A @ 1.9K

—— CBO0I
——CB02
—— CBO03
—e— CB04
—e— CBO05
—— CBO06

0
0 10 20 30 40 50 60 70 &80 90 100 110 120 130 140 150 160 170 180 190 200

‘ ! Quench Number
— ! Q. Xu, 5th SC Meeting for HL-LHC MCBRD magnets, 28 Jan 2022
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CBO01 has the best
training performance of
all the 2.2m coils from
China.

Wet-winded with a coil
former whose
machining error
exceeds the tolerance:
having the smallest
depth of the channel

Field quality is good: ~5
units (measured at IMP)



C%}_/p% =—=omer

Proposals in the CERN-China SC meeting in Jan 2022 *=# <

*  Further optimize the channel size immediately, try to make the conductor a bit higher
(0.1~0.2 mm) than the former outer surface, then apply support stress outside of each layer by
wrapping glass tapes.

+ Wet wind back to direct wind, make the process simple, with a careful check of the VPI system
at Bama before hand.

* IHEP provides components of 2 magnets (insulated conductors, coil formers and iron

plates) to CERN. CERN fabricate the 2 magnets with the same procedures as in China, to have

a double-check of the performance at 4.2K.

FHNEDBSRHEARA R

5.222

+0.1

21 0

Q. Xu, 6th SC Meeting for HL-LHC MCBRD magnets, Jul 8 2022
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Direct winding of CB09 -

Using 3 layers of glass fiber to reduce the channel depth from 5.2 mm to 4.8 mm;
The conductor is ~0.2 mm higher than the former surface after winding.




Direct winding of CB09
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P-T setting of the VPI procedure

T T T T T :
1
1
140 i 0.2MPa 135
---=--- Pressure i
i
1201 i
ih
110TC Hi
1 - 150000
100 :
6 !
| £ 80T ] 5
N ® 80 0.1MPa [ —aaEEaaaEE - - 100000 5
; £ .IMPa Z
| 2 o
= Baking and degassing for 120h 60T -
| 60
| Cure and - 50000
i post cure for
| 40 the resin:
| 80°C for 24h
3Pa 135°C for 5h
H0
‘ 20 40Pa
i
T T T T T T T
0 24 48 72 96 120 144 168 192
Time (h)
1h for injection, the real time required 60°C,
for CBO9 will be recorded and as an 0.2MPa
evidence for the next apertures for 12h




Directly degassing the mold

— Resin pipeline

o Vacuum tube

_________ Ambient air

~
-~
~~ I

~

S Vacuum gauge
Vacuum gauge N

y Mix tank
Angle valve }
/

Vacuum
gauge can be
automatically
recorded

= Additional
----------- - Needle valve Vacuum
gauge
0~0.5Mpa
1 Pressure gauge
Ball valve |
, I
Impregnation furnace |
1 pump
‘ Effusion cup Vacuum gauge
CB09
m A Compressed air
HL-LHC PROJECT \\_/

Q. Xu, 6th SC Meeting for HL-LHC MCBRD magnets, Jul 8 2022




Directly degassmg the mold
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Stand-alone test of CB09 at IHEP




Stand-alone test of CB09 at IHEP
and followed by CB12, 13
Training History of the HL-LHC CCT Caoils

“‘ fﬁ’\

A w i "\'l'_;'ﬂr"‘i‘,,if;étf yt rr
4"~ ob ‘,’c:“"\ direct:-winded:
1 ——CB02

| ‘ —e— CB03
—— CB09
——(CB12
—e—(CB13
wet-winded:
—— (CBO01
150 § —— CB04
—e— CBO05
100 —— CB06

; _ 0 50 100 150 200
HiLumi ’
HL-LHC PROJECT

Quench Number inets, Jul 8 2022
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Aperturel of the 15t series magnet

The 15t practice coil from Bama with new fabrication process
wet wind plus 5-bar VPI.

600 T T
Equivalent ultimate current: 530A . i
® o . .
. . N @ T 1
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Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022

Training of the 1st series magnet MCBRDO01

Aperture2 of the 15t series magnet

The 2" coil from Bama with direct wind process plus 5-
bar VPI, similar to the process of the 15t prototype.

Equivalent nominal current: 494A

i
i
Ultimate current: 422A1
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Field quality measurements at 4.1K

All field harmonics are within the 10-unit requirement, <5 units for most cases.

Magnetic measurements (01 Aperture 1): individual & combined powering

The integrated transfer function

120

The integrated transfer function

120

Multipole at R=35mm(Unit)

[N}
I
> o+
®

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022
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The 1% series magnet delivered to EU

The 1t magnet Packed and delivered to Sweden Uppsala Unlversny on Oct. 18 2021
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MCBRDO1 test at CERN
- o —i—— Q == == e e e = - - Ultimate current 422 A
——————— """i""""":""'3""'"" Nominal current 422 A

® Quench AP1
® Quench AP2

@ Quench Both
= No quench AP1
= No quench AP2

Thermaleycle | ____

45K: 1.9K 145K 19K = No quench Both

0 5 10 15 =——Thermal cycle

Event number

“After the test in China, the magnet was shipped,
connected to the bench at Freia, transported to
CERN, connected to the CERN bench. After all
this, the magnet showed a very good memory!”

MCBRDO01 1.9 K Performance test at CERN

wire insulation damage at the end plate

“the target voltage of 1620V from each aperture
to ground according to the Electrical Design
Criteria (EDMS 2363906) was not reached for
any of the two apertures in magnet MCBRDO1.
The maximum voltage reached at 1100 V for
aperture 1 to ground and 1500 V for aperture 2
to ground, but tripped at those levels”
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CB 04&06 trained stand-alone to 520 A at IHEP in Nov 2021.
To Bama for magnet assembly in Jan 2022.

U
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Magnet 2 assembled on the test platform at IMP v i
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Training history of MCBRDO02

The training history of MCBRDO02
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The holding test

The 1 hour hold test @combined powering

500

Hold 1 h @{-423,423} Hold 1 h @{423,423} Hold 1 h @{423,-423} =AP1 Current
400 |- - ——AP2 Current
300 f-----mmmmm e e

s, Ramping rate @2A/
E
[
=
S
=
o
200 f-cmmmmmmmooe e L T 5
300 - e S S — -
) R et e et Sethl ittt -
Hold 1 h @{-423,-423)} Hold 1 h @{-423,-423)

-500

. , Time
iLumi ’
HL-LHC PROJECT

) Q. Xu, 6th SC Meeting for HL-LHC MCBRD magnets, Jul 8 2022
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Q. Xu, 6th S& Meeting for HL:LHC MECBRD magnets, Jul 8 2022
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Electrical test before packaging

Coil to Ground
Coil to Ground
Coil to Ground
Coil to Ground
Coil to CCS322
Coil to CCS322
Coil to CCS323
Coil to CCS323
Coil to Ground
Coil to Ground
Coil to Ground
Coil to Ground
Coil to CCS317
Coil to CCS317
Coil to CCS324
Coil to CCS324

IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR
IR

Table 11. The insulation test results (final tests)
Coil ID \/oltage/Current | Test Time | Resistance |

102V/1.28nA

201V/1.28nA
308V/1.64nA
340V/1.98nA
103V/0OnA
254V/0nA
104V/0OnA
254V/0nA
102V/0.54nA
201V/1.74nA
308V/2.07nA
340V/2.13nA
101V/OnA
254V/0nA
101V/OnA
254V/0nA

30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s
30s

Test condition: 23.7°C & relative humidity 38.9% & before packaging

79.5GQ

>100GQ
188.1GQ
172.2GQ
>100GQ
>500GQ
>100GQ
>500GQ
>100GQ
>100GQ
149.1GQ
159.3GQ
>100GQ
>500GQ
>100GQ
>500GQ

The magnet's two apertures pass all insulation tests.

Q. Xu, 6th SC Meeting for HL-LHC MCBRD magnets, Jul 8 2022




MCBRDO2 Shipped to CERN in June 2022

P Q. Xu, 6th SC Meeting for HL-LHC MCBRD magnets, Jul 8 2022



The 3" series magnet MCBRDO3

AP1(CB12, 25 quenches 526A) reached

*422A after 11 quenches.
AP2(CB09, 33 quenches 530A,; after thermal
cycle >500A) reached X 422A without any

guenches.
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Summary

In total 3 series CCT magnets MCBRDO01-03 have been fabricated. All of them
reached the ultimate current and passed the field quality test (MCBRD 03 to be done
this week)

Long training “problem” has been solved with modifying the design parameters and
improving the fabrication process.

Wire insulation at the endplate of MCBRDO1 is broken, caused low insulation
strength, to be repaired at CERN. MCBRDO03 passed 1620 V HV test in LHe at IMP
Lanzhou.

Components for 2 CCT magnets being shipped to CERN from IHEP, to verify the
performance with WST wires and coil formers fabricated in China with CERN
fabrication process, and also speed up the project progress.

= Schedule for the following magnets: every ~3 month per magnet.
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Thanks for your attention

Q. Xu,12th HL-LHC Collaboration Meeting, 19-22 Sep 2022



