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SPPC Magnet Design Scope (V201701)

SPPC
* 100 km in circumference

* C.M. energy 70-150
(Upgrading) TeV

e Timeline
Pre-study: 2013-2020
R&D: 2020-2030

Eng. Design: 2030-2035
Construction: 2035-2042

a4

Main dipoles E[GeV]=0.3xB[T]x p[m] |
* Field strength: 12~24 (Upgrading) Tesla
Aperture diameter: 40~50 mm

Field quality: 104 at the 2/3 aperture radius

Outer diameter: 650-900 mm in a 1.5 m
cryostat

* Tunnel cross section: 6 m wide and 5.4 m high
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SPPC Layout

6-m Tunnel for CEPC-SPPC Conceptual design of the SPPC 12-T magnet
with IBS and common coil configuration
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SPPC Magnet Desigh Scope

* Baseline design Top priority: reducing cost!
> Tunnel circumference: 100 km Instead of increasing field
» Dipole magnet field: 12 T, iron-based HTS technology (IBS)
» Center of Mass energy: >70 TeV

> Injector chain: 2.1 TeV Make IBS the High-T_and High-Field
« Upgrading phase “NbTi” superconductor in 10 years!

» Dipole magnet field: 20 -24T, IBS technology
» Center of Mass energy: >125 TeV

» Injector chain: 4.2 TeV (adding a high-energy booster ring in the main tunnel
in the place of the electron ring and booster)

* Development of high-field superconducting magnet technology

» Starting to develop HTS magnet technology before applicable IBS wire is
available

» ReBCO & Bi-2212 and LTS wires be used for model magnet studies and as
options for SPPC: stress management, quench protection, field quality

control and fabricatignmetheds.s seiing, nov. 12-14 2015



Whole Wire Critical Current Density (A/mm?, 4.2 K)

J. of IBS: 2016-2025
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Domestic Collaboration for HTS R&D

“Applied High Temperature Superconductor Collaboration (AHTSC)” formed in Oct. 2016.

Including 18 institutions and companies in China. Regular meeting every 3 months.

» Goal :
a) 1) To increase the J. of iron-based superconductor (IBS) by 10 times, reduce the cost to 20

Rmb/kAm @ 12T & 4.2K, and realize the industrialization of the conductor;
b) 2) To reduce the cost of ReBCO and Bi-2212 conductors to 20 Rmb/kAm @ 12T & 4.2K;

c) 3) Realization and Industrialization of IBS magnets and SRF cavities.
» Working groups: 1) Fundamental sciences study, 2) IBS conductor R&D; 3) ReBCO

conductor R&D; 4) Bi-2212 conductor R&D; 5) Performance evaluation; 6) Magnet and
SRF technology.
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Progress on IBS wires

Supercond. Sci. Technol. 31 (2018) 015017
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Latest transport property of I1BS tape (2017):
1| Short tape (~4 mm wide, 0.3 mm thick):
111.~423 A (J>1450 Almm?) @ 4.2 K, 12T

i1 100 meter long tape:
J1J>200 A/mm? @ 4.2 K, 12T
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The 12-T Fe-based Dipole Magnet

I8l (M Yoke OD
500mm
12.77
= 12.10
- 11.44
E - 10.77
E - 10.11
@ 64.8mm  mm >4
(el 8.779
=H 8.114
7.448
6.782 B
6.117
o e
IROMNBASED2 ¥ =1 4.119
101.6 mm e | 345
IRONBASED1 IRONBASED3 = | :Z:
R ' —R
42.8 mm = 0.791
N 0.125
ROXIE 102
IRONBASED1: IRONBASED2: IRONBASED3
o 1277 T B 12.55 T B, 8.8TB,..,
: Design with expected J_ of IBS in 2025
E Strand diam.  cu/sc RRR Tref Bref  Jc@ BrTr dJc/dB
e — IBS  0.802 1 200 4.2 10 4000 111
O o) el e
o l—
2EE > Th : i
= | e required length of the 0.8 mm IBS is 6.1
72.1% MR I 9% q g
: 1+
| : .
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- e |
R A > Target cost of IBS: 20 RMB (~2.6 Eur) /kAm @12 T
- == Q. XU, CEPCWS 2018, Beijing, Nov. 12-14 2018
ROXIE 102 —



The 12-T Fe-based Dipole Magnet

Field quality in the aperture
<3*10* within 2/3 bore
(ROXIE simulation results)
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R&D of High Field Dipole Magnets

R&D Roadmap for the next 10~15 years
NbTi+Nb,Sn, 2*$10 aperture ‘ Nb;Sn+HTS, 2*$20 aperture ‘ All HTS, 2*¢$40 aperture

Components and assembly

3d coil layout

TeT AN

x,--\\\\ Vpadk Bore &.Spacer Nb3§n coils NbTi coils

————— s

SN

PR SN

Q. XU, CEPCWS 2018} Be¥ing, Nov. 12-14 2018 | l

End plate  G10 Spacer Hpad Yoke Al rod Al shell



R&D of High Field Dipole Magnets

The 1° High Field Dipole LPF1: NbTi+Nb,Sn

Cross section of LPF1 Magnetic field distribution
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1%_4_4»)—*’”‘]:;’*
6.000E+000 j% \
Main parameters of the strands w0 ~ #&HEblock 1
diam. Tref Bref  Jc@ BrTr Ic@ BrTr 5 R —— ZHEblock2
strand | (mmy  cuse RRRO M (Amm2)  (A) - SEblock 3
Nb3aSn = 0.802 1 200 4.2 12 2700 682 — #Eblock 4
2.000E+000 )
NbTi 0.82 1 130 4.2 5 2613 690 £ Eblock 5
T £Eblock 6

Q. XU, CEPCWS 2018, Beljing ! hose-cd2-14
2018



R&D of High Field Dipole Magnets

Vpad Bore & Spacer Nb,Sn coils NbTi coils

End plate

S/~ Soldering
\ box

v v v v v
» End plate G10 Spacer Hpad Yoke Al rod Al shell
C
Mechanical FEA magnet model 3D CAD configuration of LPF1
68185 0 0

.520E+08I .519E+08I _519E+08I
.104E+09 .104E+09 L104F409
.156E+09 .156E+09 .156FE+009
.208E+4+09 .208E+09 .208E+09
. 260E+09 1 .259E+09 || .259E+09 |
.312E+09 .311E+09 .311E+09
.364E+09 .363E+09 .363E+09
.416E+09 .415E+09 .415E+09
.467E+O9l .467E+O9l .467E+09 |

Q. AU, LCLIFLVVD 24U 10, DEIjITE, NUV. 1£-14

Assembly %A% K 5,950 A



R&D of High Field Dipole Magnets

Stress analysis of the coils

Mises stress

.586E+08 .443E+08 --235E+08 763259

H .527E+08 .396E+08 -.206E+08 .612E+07
Preloadmg .468E+08 .350E+08 -.176E+08 pA .115E+08
.409E+08 .304E+08/: -.146E+08 .168E+08

at room .350E+08 .257E+08 -.117E+08 .222E+08
.291E+08 .211E+08 -.871E+07 .276E+08

temperature .232E+08| .164E+08 - .575E+07| .329E408
.173E+08| .118E+08| =.278E+07 .383E+08
.114E+08| .716E+07 | 186174 .436E+08

(Load 1) .552E+07 .252E+07 -315E+07 .490E+08
103E+09 -.905E+08 -.222E+08 .860E+07
_889E+08 -.765E+08 -.145E+08 .203E+08
.750E+08 -.625E+08 -.688E+07 .320E+08
H .611E+08 -.486E+08 775355 .437E+08
COOI'ng dOWﬂ .472E+08 -.346E+08 .843E+07 .554E+08
.333E+08 -.207E+08 .161E+08 .671E+08
.194E+08 -.672E+07 .237E+08 .788E+08
(Load 2) .551E+07 .724E+07 -314E+08 -905E+08
.838E+07 L212E+08 .390E+08 .102E+09
.223E+08 . 352E408 L467E+08 .114E+09

.102E+09 -.923E+08 -.218E+08 .151E+07

.883E+08 -.769E+08 -.122E+08 .140E+08

.750E+08 -.616E+08 -.261E+07 .264E+08

g g .617E+08 -.462E+08 .698E+07 .388E+08
Excitation .485E+08 -.309E+08 .166E+08 -513E+08
.352E+08 -.155E+08 .261E+08 .637E+08

.219E+08 -147384 .357E408 .761E+08
(Load 3) .863E+07 .152E+08 .453E+08 .886E+08
.465E+07 .306E+08 .549E+08 .101E+4+08
.179E+08 .459E+08 .645E+08 .113E+4+08

Q. XU, CEPCWS 2018, Beijing, Nov. 12-14

2018




R&D of High Field Dipole Magnets

DJF'%

:: :; Isolation ] :> Data @
Magnet [ amplifier acquisition Power supply Breaker

£Y Y,

Magnet

Quench

protection
unit

A

Rgnd Rgnd2
2k Ohm 1 2k Ohm

Electrical Reference

E::::>| breaker E::::> [Dump resistor A

Time dela}-’ Dump_indu Dump
Voltage grow to threshold(100mv) bms © microhenry 0.1 Ghm
Validation time 20ms |
Quench protection unit delay 10ms !

Relay delay 10ms C??ﬁ?r
Breaker delay bms
Total delav: 50ms VW
VDR

Schematic of the quench protection system Quench protection circuit

Hotspot Temperature-MIITs

Adiabatic analysis 00

” T )
24+ — 2D 4
[Imag (t) ] dt = fcu [Acable] BT dT g "
0 T pcu( ) ) g w0
MIITs Hot spot temperature 50
Q. XU, CEPCWS 2018, Beijing, Nowv. 1 o5 5 T 5 20 Pl
2018 MITsfA™2*5*1E6

Hot spot temperature vs. MIITs for different cables
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R&D of High Field Dipole Magnets

Self-inductance

0.060 ; . . . 5000 Current decay 0o Hotspot temperature
? : ; ; ? =\ Current decay =
0.055 b N ] o g%
< g 250
E 3000 %100
0.050 . : - a 3
ooss| |\ Magnet inductance | «//  Hotspot temp.
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0.025 L L L L 500 — Umag ind 0.002
0 1000 2000 3000 4000 5000 6000 — Umegret
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Quench heater

IHEPWS5 Heater Delay

(um)
50
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6000

s000 |-

current/a

1000

2000 |-

2000

Q)
3.1

Current decay

Current decay

3000 |-

0 L L L L
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Peak power
(w/cm”2)

(V)
341

Hotspot temperature

Hotspot temp.

04 ol 02 03 04 0%

06 07 08

Timers Timers
6 200 Resistive, mducnue and mta\ voltage . Resistance of magnet
Voltage
100 -
4 o o.08
Heat delay
§ =200 E
z : soll S bod
—a00 = Umag ohm
— Umag ind 0.02 H
. . , et Resistance
i i
02 4 8 10 12 14 e o1 oz o3 o4 o5 oo o7 o8 %ho o1 oz o3 o4 05 06 o7 o8
B/T Q XU, CEPC 2018 4 201

uench Simula

Charge voltage

ROXIE 102

TK)
Time (s) :

1965
188.1
1797
1713
1630
1546
1462
1379
1295
1211
127
1044
96.02
87.65
7927
70.90
62.52
54.15
45.77
37.40

ROXIE o

g IIIII

I

Temperature distribution
In coil after quench

Max current
(A)

110.07

- III

Quench S|mulat|on with dump resistor only

Capacitance

Temperature distribution
In coil after quench

i

jon wSth dump resistor and heaters



R&D of High Field Dipole Magnets

Fabrication of the 1 model dipole magnet (NbTi+Nb;Sn)
Cabling




R&D of High Field Dipole Magnets

Test results of the 1%t high-field dipole magnet in China reb. 2013

AF

o

10 - W— - = om

~a= 102T @ 4.2 Kdipole field

= -
= in two apertures
4 (Performance limited by NbTi
2 = coils) = —
: 2 Nb3sn
2 o] 2 4 6 é 1I0 1I2 1I4 1I6 1I8 2‘0 22

Quench Number
Coil 1 Coil 2 Coil 3 Coil 4 Coil 5

=E=

0
e
o

S&%ﬂumm |
AL

113
= =
= ==

xu, CEPCWS 2 Beijing,
18
12

X 1x 3x 3

X



R&D of High Field Dipole Magnets

The 2" High Field Dipole LPF2: Nb,Sn with IBS

Cross section of LPF2 Magnetic field distribution
1Bl (M
Nb3Sn: Nb3Sn: Iron-based Sc:  NbsSn: NbsSn:
Iron yoke: i 6.47T Bpeak 12,12 TBpog 12.05 TByeak 12.08 TBopi 648 T Bpeai

= 11.49
- 10.85
= 10.22 \
] 9.596 —— vn== ;
) 8.965 T— TR = I
. — -

7.703 B e - e i =

— € O — ‘ 3

7.0m - = O ms— L -

a0 = — 1 =
w4547 - —+- -
s - CTBAT s — 31T
- 3.284 © I ?L— E——— 3
— - m = | — — =
. 202 == E = e —
= 0.759 T G| ] E—

. == 1 ——— —
ROXIE o2 e - ——8
Strand| diam. [cu/sc[ RRR | Tref(K) Bref(T) | Jc@ BrTr Jc@ BrTr(A

Aperture diame IHEPW

ey CIC 0.802 1 | 200

B
N
[E
N

2700 682

Iron-
Fig. 1: The cross section of the 12-T common-coil dipole  [pased

6.7 | 100

B
N
[EEN
N

216.5 38

(with inserted iron-based coil)
Q. XU, CEPCWS 2018, Beijing, Nov. 12-14

2018



R&D of High Field Dipole Magnets

2 new Nb;Sn coils + 1 IBS coils

F = ] -
IBS coils Bl

y —
ml— e
C Cm— e

o, SN

,

New
Nb3Sn coils

\

~Q. XU, CEPCWS 2018, Beijing, Nov. 12-14
2018



R&D of High Field Dipole Magnets

Performance of the LPF2 (Nb;Sn with IBS)

Test sTopped due to problems of joints? To be verified

Critical Current w.r.t Background Field of 100 m IBS Racetrack

180 T T T T | — T T T | — T
160—- .
140 — —H— IBS racetrack $120 |
;—:\ 120—‘ 7.7Tape 1
E 100—- a
E J
O 80+ -
— °
.§ 80 —I\ \. _
S o] "Rt R Egmme
¢ —0o
20 o .
0 é !Ii é é 1I0 1I2 1I~‘1
Background Field (T)
7000 L L L L L L 1 T L T
HAARNS RFEHRE —— 1/ . e'; aoooj LT L R . _s.ng
@':F'*—H‘Jtﬁ%%ﬁiﬁﬁ i [ = ‘F / 5000 * " 7.10T
4 ol ﬂ < ‘
T 4000 . . -
Performance limited by
5 * 1 joints in coil 1? 7
. é’, 2000 |- .
w%ﬁ&ﬁ e - —
@ RHBEBRIF L 1000 - . Coit1]

0
Q. XU, CEPCWS 2018, Beijing, Nov. 12-14° 2 4 6 8 10 12 14 16 18 20 22 24
2018 Quench number



R&D of High Field Dipole Magnets 2 “2

IBS solenoid for testing at 25T
1 Double pancake IBS

Single pancake IBS coil

10mm*2mm
Cu leader
Over 160A

YBCO

¢35mmXQ,I%E;CWS 2018, Beijing, Nov. 12-14
Double pancake IBS coil 2018



R&D of High Field Dipole Magnets

Fabrication of IBS coils.

Q. XU, CEPCWS 2018, Beijing, Nov. 12-14
2018



R&D of High Field Dipole Magnets

Critical Current (A)

Critical Current (A)

180

Performance test of IBS solenoid at high field

Critical Current w.r.t Background Field of IBS SPC 3-1

120_.
100-.
80—-
60 -
40 -

20

160—\ -

140 B

—Hl— 3-1 ]
—@— Tape E

l\\_. -
“h-—5—nm -

Inner diameter $30mm - u 4

0

180

0 3 6 9

s 6 12 15 18 21 24
Critical Current w.r.t Background Field of IBS SPC 3-2

120 -

100-.
so-
60 -
40 -

20

160 -\ -
1 —m— 3-5

140 - -

—®— Tape

\

TE— 01— g

— T T T 1T " T " T * T v T * T * T " T "1
18 20 22 24

Background Field (T)

Voltage (nV)

Critical Current (A)

52018, B
2018

I-V Curveof IBS DPC 3-3.4 @ 10T
; —_—

35

30

25 4

20

| ——3-3
| Non 3-4

Quench criterion is set 1uV/em* 15em=15uV

180

120

80 -
60 -|
40 |

20

Current (A)

Critical Current w.r.t Background Field of IBS DPC 3-3,4

;\\.

140 -

100 H

0

—Hl— 3-3
Non 3-4
—@— Tape

~ -
o -
Y
o

0 2 6

Background Field (T)

12



R&D of High Field Dipole Magnets

Next step 1: 15T twin-aperture dipole @ 4.2K

IHEPW7 IHEPWS-10 Windings | B,..(T) | Loadline(%)
(¢1'28PC) (¢08DPC) IHEPW7 15.281 89.427
A
\l, [ 1 IHEPWS8 A | 13.001 88.384
‘ |
IHEPWS8 B | 12.844 87.535

IHEPW9 A | 12.444 88.666

IHEPWI9 B | 12.612 89.574

IHEPW10 A | 12.470 88.806

N
j=° 38 | 3¢ 38 IHEPW10 B | 12.028 | 86.417
26 222 $500
: ni. ' op= 8800A with 10% Safety Margin N

N
o)

Strand| diam. |cu/sc| RRR | Tref(K) Bref(T) | Jc@ BrTr | dlc/dB |lc@ BrTr(A

4.2 14 1800 400 454.65

0.802 1 | 200
IHEP 4.2 15 1400 350 353.61

WCJC

4.2 14 1800 400 1017

1.2 1 | 200

4.2 15 1400 350 791

Coil configuration in the 1st quadrant

Q. XU, CEPCWS 2018, Beijing, Nov. 12-14
2018



R&D of High Field Dipole Magnets

Next step 2: 12T twin-aperture dipole @ 4.2K with 10-4 field quality

8 (0 Nb,Sn CM12-3:  Nb,Sn CM12-1: Nb,Sn CM12-2:

12.77T8 12.69TB 936TB Iron yoke OD 45 mm Aperture

600 mm diameter

peak

peak peak

2862
2223
[ |
1.563
[ b
—
0.245

ROXIE 102

Field distribution at 12.47T

Field quality analysis

Rref b3 b5 b7 b9 a2 ad ab a8

15mm | -0.06 | 0.06 | 2.31 | 2.84 [-0.004| 0.43 | 1.88 | 2.53

13mm [ -0.05 | 0.03 [ 0.98 [ 0.9 [-0.004|0.28 | 0.92 | 0.93

VS 2018, Beijing, Nov. 12-14
2018

3D model (half length of the straight section: 500 mm)



.V CERN & China Collaboration

China will provide 12 units CCT corrector magnets for HL-LHC before 2022
A 0.5m model and 2. Zm prototype to be fabricated and tested by June 2019

A o
e
R

0.5m model magnet
China Version

N 7 7 ® |



" CERN & China Collaboration

2015 2016 2017 2018 2019 2020 2021 2022 2023

MBRDS] - short model T C
MBRDP! - prototype T B
MBRD! - series 1
MBRD? - series 2
MBRDS - seriss 3
MBRD - seriss 4

D2

MBRDS - spare 1
MBRDS - spare 2
MCBRDS! - short model o]
MCBRDS? - short model double aperture (t]
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Summary

 Magnet & CEPC-SPPC: High field magnet technology is the key to
the success of the high energy accelerators in future.

* SPPC design scope: 12 T IBS magnets to reach 70TeV with 100 km

circumference. Upgrading phase: 20~24 T IBS magnets to reach
125~150 TeV.

e Strong domestic collaboration for the advanced HTS conductor R&D:
Make IBS the High-T_. and High-Field “NbTi” conductor in 10 years!

* R&D of high field magnet technology: the 15 twin-aperture model
dipole (NbTi+Nb,Sn) reached 10.2 T @ 4.2 K; the 2" model dipole
(Nb,Sn+IBS) is being tested. 15 T twin-aperture model dipole and 12
T twin-aperture model dipole with field quality to be developed.

e CERN & China Collaboration: Fabricating 12 units CCT corrector
magnets for HL-LHC before 2022, and expecting more in future...
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Thanks for your attention!
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