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(GEE ) FCC-hh integration and options

L. Bottura
B. Strauss

FCC-hh (baseline)

100km,16 T
100 TeV (c.m.)

LHC
27km,833T
14 TeV (c.m.)

“‘HE-LHC”

27km,20 T
33 TeV (c.m.)

FCC-hh (alternative)
80km,20 T
100 TeV (c.m.)
CERN i Future Circular Collide:

Michael Benedikt
Epiphany 2015 Cracow, 8% January 2015

r Study
8

FCC magnet: 20T, 250-350 MGy?

-FERILI/ T 4:20-25 ab1(FCC) > 3-4 ab(HL-LHC)

MC magnet: 20 T, 400 MGy~
-[BFE—L:3 MW

International
UON Collider
Collaboration
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Muor Collider
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Jikm ciremmlenmes

Acecelorator
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Large aperture O(1m)
Kto allow shielding

Mercury Pool [
Beam Dump

ow Wamr-hoold
Tungsten-Carbide
Shield

High field to efficiently

collect pions/muons:
20 T then tapering j

[ i

32 T solenoid with low-
temperature HTS

We would like to push
even further

Plans for 40+ T exist




Pion Capture Solenoid (PCS)
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REBCO (rare-earth barium copper oxide)

Copper Stabilizer

Silver Overlayer

» High temperature margin (T.=93 K)

(RE)BCO - HTS (epitaxial)
- Conduction cooling operation in y
the temperature range of 20 K E

7
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B e

» High magnetic field tolerance of Ic

- Potential for 20T class high field magnet

Thermal Conductivity of Aluminium 108 e G Tt
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:§ 5000 [ \| e RRR = 1000 — t i . MgB2: AIMI 18 Filament (39% Fil. CS)
= L _ £ =0 0 > 0o o =
s N e RRR =500 210 i e -
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L | o Ve
9 3000__ —-RRR =50 _ 2 10 ZZZS:BLTapT:;: .......
o _ o g i T
g : .‘ : a F ZZZ}:BLTape Plane
2 2000 ;. - 3
= CiF ] 5102
10000 L[l T o =
O _I ’I“/ L l L 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 ] 10 L
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30 35 40 45
Temperature [K] B8 MAGLAB Applied Magnetic Field (T)

10740



AT MBS 1 —A )8 COMET-Phase-l)

TS1 cold Mass CS cold Mass

(TS1 coils + Shell) (CS&MS coils + Shell) .
TS1 thermal shield Vacuum vessel / CS thermal shield
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300

- BB :0.43 W/kg (x10)

-REBE: 7.1 W (1/10)
- aMJLREE: 21.6 K (20K&HD)
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-10 T? (x2) Applied Field [T]
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R. Fuger et al., Physica C 468 (2008) 1647., M. Eisterer, RESUMM2015.
Hab 15T Hic 15T
T /“’/x\\\"
[ — - & = f 4 |
= [\ 1= - | | =
[ ] l‘ | ® 77K O ‘\\ w“ -
6/ = o 4K \o/ ‘
\V 50 K 5 Nt
=y ! Bl = 40K e }
- ASC40  © 30K = ASC40
O
5 1
01 1 1 i e M M i el 01 1 L 1 L 1 1 1
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35
Fast neutron fluence (x10% m®) Fast neutron fluence (x10% m?) )

| of REBCO degrades from 1 x 1022 n/m2 <=1 Target fluence

Magnet designed to reach 7.8
X 10%°n/m? fluence in 10 years
(~130 MGy, 650 W)

g

Massive tungsten alloy
radiation shield is required

Flux [1/cm?source]
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o
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| PHITS Cf;dé

= AVG. flUix at the top
glOOm of the coil

Energy [MeV]

Integrated flux:

7.74 X 10%° n/m3ly(@1 MW)

Secondary Beam
Transportation

680 720

( 200 200 200

\HTS Solenoid

$1600

Proton Beam

107107%10°10*101072107" 10° 10" 107 10°

92370

01460

600

adiation Shield
(Tungsten)

1750

Production Target
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Stack of double pancake coil

o — — _ 680 B 720 .
» ID=1600 mm, T=21 mm, L=10 r.nm, 70 turns/layer TS Solencid. 797 000 720 T
» Number of double pancake coils: 60 (20 x3) NG ' ‘ |
ron Return Yoke 5
» Conductor : REBCO, W=4 mm, T=0.1 mm o —— | e
[ ) [ ] : . / I ]
» Insulation: Mineral, t=0.1 mm o 5 Radiation Shield 2 2
1 . . . © © £ -
» Operation Temperature: 20 K (He gas cooling with pipe) = (Tungsteny 0.
> Transport current: 200 A (Load line ratio: 0.48) Proton Beam Lo LS
> Peak Field: 1.11 T at center, 2.25 T (B//c) at coil (200 A) '
Readiation Shiel
SuperPower §CS4050 (enhanced 7.5% Zr AP) (Tungsten)
700_ T I“‘v' ‘5\\ | "'\\L \c'l\cI) | L '-o_l_4j.2 IK_ i
. — eool % % a A =20k 4
 Currentdensity: <™ = o« X o]
£ 500} % o S, ]
128 A/mm? % a0l o, T Tra e
: : O R S B e
 Loadlineratio: 2 0 "%,/ e e ]
© 200—21% \<>\<>~ ~V\\V__NV~~~ -
48% © 100 48% \°"°*>"~<>---<>.---<>---<>- —
0 | | | | | | r— | |

Applied magnetic field (B//C) [T] 1340
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( T. Aoki et al., IEEE Trans. Appl. )
110 Supercond., 21, (2008) 3200.
O AIEVEAZBEMEL-ERERS (VNILY, 8#9)
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—_ &
O BEE~DEAZEELEBHADE R BREST A L
(rb’f_/I*—I'x) = Bi2223 ®
0951 77K,S.F. =~ ==
e "‘1019 [m'2]’?
Hjab 15T Hic 15T 0.90 2 . a
IIIIIIIIIIIIIIIIIIIIIIIIIIII 0 7 154 231
: - Total radiation dose (kG
L & . //@\ L otal radiation dose (kGy) )
o] 1 - g @ \
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o % |3 e, | v .
= ! Bllm 4wk = | } -
== ASC40 o /K| — | ASC-40
O
(@)
0150 o5 10 15 20 25 30 35 0150 05 10 15 20 25 30 35
Fast neutron fluence (x10% m?) Fast neutron fluence (x10Z m?)
R. Fuger et al., Physica C 468 (2008) 1647., M. Eisterer, RESUMM2015.
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RIEKFEBRM DS AR - BIRIILIVR:

g%:l:*)b# MEH PERE 24— 0.1~10 x 10% n/m?

» TS2-PCS <1 x 10%2 (n/m?)

BR2 @Belgian nuclear
research center
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Number of counts
H
o
N
[

REBCOM &tk / 4 B
(F T HREEAT) Cut Cut
11
X — \ 11
W F TP X:7.92 x 1022 n/m? N %
OfE5H#% T BH:2015.05.18
Hi| ==
Ov#R:AI%E B : 2021.05.12 1
—tc—>
== = ~ ~1 mm ~
O%M#R=:0.466 mSv/h (&@E»S15cm) | 32 mm 4
Co-60 Co-60 Element Half-life E(keV)  Counts Retio
10% e e I TR Ag-110M | 250.4d | 658.15 4342 0.043
Ag-110M | 250.4d | 677.69 528 0.005
103 | Ag-110M | 250.4d | 687.21 429 0.004
Ag-110M | 250.4d | 706.75 785 0.008
Ag-110M | 250.4d | 764.37 937 0.009
Ag-110M | 250.4d | 818.03 716 0.007
Ag-110M | 250.4d | 885.12 2326 0.023
10t L Ag-110M | 250.4d | 937.73 1534 0.015
MC-132 (2.58x10° n/m?) Co-60 | 5271y | 1173.71 46856 0.466
Sample: SCS4050-AP (SP)
o Live Tlme 500 [s] Co-60 5271y 1332.54 41098 0.409
................................................................... |
10 200 400 600 800 1000 1200 1400 1600 1800 Ag-110M | 250.4d | 1384.64 561 0.006
Energy [keV] Ag-110M | 250.4d | 1475.83 105 0.001
Ag-110M | 250.4d | 1505.39 280 0.003

0.3 GBqg/sample
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5k BB R ST e / A

100 Flux:2.53e22 [n/m2], Finish Date: 2018.05.25 (SCS4050- AP)

"""""" RARARARARES RAARARRRRAY AR R
> Co-60DF 7 #A:5.34F = 221951
n 1
_ @ 104 .
>Ag-110MDFEH: 0.75 S E
=
—IRE W STEED R & 9
BONTHD... = 107
o
x  — Ag-110M
—— Co0-60
— Total
Bl i Liviniiiiing Lt iniiiiiis RN Liv i
10 0 1 2 3 4 5

Time [Years]
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2x GM-refrigerators {ig;%ﬁ] ﬁ _t

G GMAER > AHFOvK (Pure-Al)> /3 2/3— (OFHCQ)
el dy > E# (OFHC) > REBCOMH

Vacuum /—— — e e |

Vessel RIILDEHR/IMED = DEHIT
1st Stage - FEUVGEMORRHTIE
Radiation | — B RS (PRILE)

Shield

2nd Stage
Cooling Stage K
(OFHC)\\ , Busbar
CoolingRod i - /// Electrode
(High-purity Al) // Electrical ™~
Busbar — , Insulation
(OFHC) - 1L’ REBCO
Control Heater (i !
ontrol meater L {___j\' BEXt. Thermometer
Sample Position /| =) T~ (CERNOEED) q Jfr Mechanical

So Thermometer <o Fixture
S (CERNOX-CU)
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B =0[T], 1=0.1[A], SCS4050-AP

0.4 e e RN L LN LR LN LN L
- Un|rrad|ated
F --=--8.32 X 10°! n/m” (E>0.1MeV)
'S 0.3F -4-4.11 X 10* n/m? (E>0.1MeV)
é E -v-- 7.92 X 10°* n/m® (E>0.1MeV) ]
E 02F =
@ - .
(@) N
- .
s . ]
@ 0.1F . E
4 u““ :
& E RN KA NN -
- [
o.o;—W
Covaa by s sl [N FEEE [N AR NE FE R R TR AN FE .

0 10 20 30 40 50 60 70 80 90 100 110 120
Temperature [K]

/ 4

TU Wien

D. X. Fischer, et al., Supercond. Sci. Technol. 31 (2018) 044006

HoH (T)

SuperPower SCS4050
16

T
u dt
0.6x1022 m n elde
0.6x1022 m hldd
2.9x10%2 m2, shielded —*—

d —=—
d

14 -
12 -

10 +

al N
2k

I I I \.\\!\ 4 1
65 70 75 80 85 <: SK

T (K)

* No significant degradation in shielded HTS tape

at 6 x 1021 n/m? (E>0.1MeV).

* Reduction of Tc by 5 K in unshielded sample.
 Reduction of Tc by § K in shielded sample at

2.9 x 1022 n/m? (E>0.1MeV).

» 4.11 x 1022 n/m2LL L TGABCON BI=E AV E Kk
» 8.32 x 1022 n/m?2 TCEsFZ B EH 910 KiE 4>

» ) 4—IRROT—FERCIERTHS




Da—IVERICLLHEELR

T=20K, B=5T, SCS4050-AP

T 10 § § § x2 / ndf 384.9/1099
S — Prob 1
= ~ ) 207 + 0.567
o B e pt 2252+ 0.7051
g — p2 0.002047 + 0.0003564
S 0.4242 + 0.04003

- . ________________________________________________________ > ICDES: 1 pV/em
: _ Vv S (BEEAyIEIEEE: 1.4 cm)

PTVER > 5/ 5 A RAATA—
S <R EEAELTLG

Temperature
rise: 0.98 K

Temperarure [K]

Current [A] 2440



5” ( C)d) /J\

SCS4050-AP IC criteria: 1 uVIcm V-tap dlstance 1.4 cm

External Magnetic Field [T]

— 500
< v Unlrradlated i "3 Unlrradlated g
= 400; . v 8.23X10%'n/m°} | B 8.23 X 102! n/m?-
S 300 ¥ .
3 v o e 20K = 40 K °
© 200t v e s_ .
S T v v- i B T
= 1006 ¥ v T m = S -
L)'l 500 I —t } _--:_-.}--:“.-:"-:."_:"'":
< A Unirradiated ; ® Unirradiated
= 400 A 823X 107 n/m?% ® 823X 10% nim?-
Y : ;
5999, 50 K 1 77K °
9 2004 3 ;
G
2 100F ", . R ;
— Tl AT -~ e
O (0 MMl iit LL "EEEEECER SN S, ST S e e
0 5 10 15 0 5 10 15

External Magnetic Field [T]

Fitting Function: C. Senatore, et al., Supercond. Sci. Technol, vol. 29, Dec. 2015, 014002.
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SiEE: EREDEIR

D. X. Fischer, et al., Supercond. Sci. Technol. 31 (2018) 044006

10 — 1 T 1 T 1 T T T 1T T 1T 1@ OT
" B//c, SCS4050-AP o 2T
0.9 o m 4T
- 8.32 X10°" n/m” (E>0.1MeV) v 5T
0.8+ & 10T
I O 15T =
0.7} : :
506 —_
~ 05— 7 : : : 12 ”
— 0.4] % 1 :
: o - » LIEELBEICHLT—ETIE
03— § i 7:,:(,\
u 4 - . s = s
0.2/ i Bl > S EAMELNSASEEANE
O.l_— i (0.6@20K < 0.02@77K )
A R S S DA B B BN \ . > —2
0010720 30 40 50 60 70 80 W '7_‘ ZIRADT—3E
Temperature [K] RIS S

B inm ESMEVLANEFH 2 26140



aAed &SRO ESETE

» PEFREEIZLSGIBCON L EIX102 n/m2 A —RX —THEZ 5,

» Y — TR RKROT—RZLDERPEFOTFEIAKREL,
>U—ILFF/EORS

» GAdIIHMEFRIEDOHEENMBO TEWNAZTDEZEETHLIDM?
> B DOREBCOHE# (EuBCO, YBCO) [Gd: 49000 barn, Eu: 4600 barn, Y 8.9 barn]
Neutron capture reactions (low energy neutrons)

157Gd +n — 138Gd + v (6~ 2x10° b)
Recoil energy: ~ 30 eV — single displaced atom

» ATECDOEEL? SAOEVH/EOSH

2023 EHS5JRRITHBHEZFIRFE

21 140
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- BB M H & HEBL TRV AR
- BIEMH L EBLTEVRMERE (A,0,:32, 5i0,:10 >> THRF:0.3 [w/m-K @300K])
- B OHAEHH LIV R RERR

529 OBARE>1000°C RRAIESSIORT
—REBCOMZGEIEMH K ;g* N e gl
' SN

gosf . e, -

07} A -

Fo.6f .

0.5 LS, -

0.4+ .

0 5 10 15 20 25 30
Elapsed Time [h]
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ISy a—T1 RO

BISyIaA—T 120 DREEME

BiEFE: 50 mm, i[#EE: > 2 kv

&

Ceramic layer
" Film thickness: 39 ym.

s : X200.

HaRHy iR

(ISO 2409, Paints and Varnishes )

- aA—F42FFl: ALO, : SiO, =1:1 (G-92-5, NIKKEN .Ltd)
- BEIRIEES0C, ~10 ymEDNELRZEYICLLHIEREFRE

d: 100°C, 20 min

Class 0 (0/100)

30/40



tERREBCOSII- L BZa—T 158 /4

SCS4050-AP (SuperPower)
= i:ﬁ:::ﬁﬁ::ﬁﬁ.?

18—t 38 um —— t= 24 pm—'—t— 16 um

0.16—

b w Applg(zaod Ioad with AC voltage(50 Hz)
s "4

0.14-

] f ,<E? 1
E 3 go.lo;
(2)0.097mm %5 Withstand voltage (:t)s 0.08-
' —— - t=16 pm : 0.679 kV o.06f
s - t=24 um : 2.006 kV 004
o5 - t=38 pm : 2.693 kV 002

‘oé ° ' Applied Voltage [kV] '

| T=77K,B=S.F.
L L =5cm (1uV/em Ic criterion)

O REBCOXRMICEIIy/§igE DRI

B Reference sample
i Ic=127 A. n=28

O [HEEXEE30 pmT2 kVELE A |
| Coated sample #2 i

OBGEERZTZRAN=RY A VLGB TRIBEI L
O 3—F42JI12&BlcDEEIFBBESh L hot=, LI

Current [A]

lc=128 A. n=28

Voltage [uV]
o =~ N W b O O N 0

31 140
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Main Ingredients Silica (SiO,)

Viscosity 70,000 mPa-s

CTE 13 X 10°° (0-600°C)
16 hatR.T.

Heat Treatment —>1hat90°C
->1 hat 150 °C

Tape: L=14 m, W=4 mm (Full surface coating)
ID =80 mm, 1st: 26 turns, 2nd: 24 turns
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Referance Temperature [K] 33
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current lead

Ao — A4 ILDKE

Voltage taps sample

2245 FESC-SCH04(40)
» Type: EuBCO, I (77K, S.F): 201 A et
» Thick. of Hastelloy: 50 um, Thick. of Cu: 40 um (one side)

» Width (Avg. of meas.): 4.08 mm . t'_w TS laver upper siden the ﬁg,ure

» Thickness (Avg. of meas.): 0.16 mm R cﬂﬂﬂﬂﬂﬂﬂﬂ[}ﬂﬂ‘%

» Thickness of coating: 0.025 mm (one side) e '

> Thickness per turn: 0.25 mm (Tape + Coating+ Adheswe) 2:@?@:::::f: olad
> Number of turns per layer: 24 turns 02 g K st

?ﬂ . ) |
0 iml PN AN T NN TN NN NN TN TN TR AN NN NN SO BRVEN |
!E" 6 7 8 9 10 11 12 13 14 15

Bending Radius [mm)]

N\

the HTS layer upper side in the figure

1.2

%

1 BRE

0.8

.°° | EuBCO |

::' 06 O load
0.4 i Ounload
0.2 !_Tensile bending

1 77K, self-field
0 L

5 6 7 8 9 10 11 12 13 14 15

oo 3540



A o— a4 ILOHLE

O A5=45=—T ) (AT7—7)IckBRLE

Cu tape: t=0.1 mm, w=4 mm, L=30 m

Aron Ceramic Type C (Toagosei Co., Ltd)

/E Hq Main Ingredients Silica (SiO,)
Viscosity 70,000 mPa-s

>4 )LEZHERMTOE A CTE 13 X 106 (0-600°C)
>:I,r)[/ﬁ|3|:|ﬁ|:b%%%§;ﬁ,§\®a&§ Heat Treatment 16hatRT >1hat90°C

>1 hat 150 °C
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S—URIDFEEFIOFYES: 0.1 mm.

g

>SENAIEEAEES: 0.31 mm

(EuBCO: 0.16, coating layer: 0.05, adhesive layer: 0.1)

>PBEZH: 20 turns
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