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FUTURE CIRCULAR COLLIDER FOR HADRONS
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THE NEXT GENERATIONS OF COLLIDERS

-

b NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

TSN, 0’? ~ Civil T ) S o
Large Hadron Colllder ‘g e g\aj;es |
2%\: JNobel Prize with the e | 8
di overy of the Higgs Boson ik : o cus
Rehable operation at 6.5 TeV

( 13 TeV c.0.m)
Dlpole Bore field: 7.7 T

” Target 7 TeV

I — ;:WA‘_ (""’,.:
Dlpole 8.33T Superconducting e Bending
links Collimators magnets

Focusing triplet: Gradlent of 132.6 T/m in a 150
mm bore => 11.4 T peak field

» 11T Bending dipoles to allow space for new
collimators

FCC-hh
Future Circular Collider

100 km -16T: 100 TeV (c.o. m)
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THE FUTURE CIRCULAR COLLIDER INTEGRATED PROGRAM

» Comprehensive cost-effective program maximizing physics opportunities

- Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & and top factory at highest luminosities

- Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options
- Complementary physics

«  Common civil engineering and technical infrastructures
« Building on and reusing CERN’s existing infrastructure

- FCCintegrated project allows seamless contlnuatlon of HEP after HL-LHC
A(IP) = | DS

= L_sep

= | arc
Exp
Inj. + Exp Inj + Exp.

14km
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== P The total circumference of the FCC hh collider is 97.75km.
FCC-ee FCC-hh The arcs of the collider have a total length of 83.75km with about
4700 - 16 T dipole magnets and 800 - 367 T/m quadrupole magnets.

J(RP) |
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@ FCC-HH COLLIDER PARAMETERS (STAGE 2)

parameter FCC-hh HL-LHC LHC
collision energy cms [TeV] 100 14 14

dipole field [T] 16 8.33 8.33
circumference [km] 97.75 26.7 26.7
beam current [A] 0.5 1.1 0.58
bunch intensity [10!] 1 1 2.2 1.15
bunch spacing [ns] 25 25 25 25

synchr. rad. power / ring [kW] 2400 7.3 3.6
SR power / length [W/m/ap.] 28.4 0.33 0.17
long. emit. damping time [h] 0.54 12.9 12.9
beta* [m] 1.1 0.3 0.15 (min.) 0.55
normalized emittance [mm] 2.1 2.5 3.75
peak luminosity [103% cm2s] 5 30 5 (lev.) 1

events/bunch crossing 170 1000 132 27

stored energy/beam [GJ] 8.4 0.7 0.36
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E FCC HH Layout
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Layout for CERN site Layout for CERN
e Two high -luminosity experiments (A and G)

e Two other experiments combined with injection at 3 TeV
(L and B)
e Two collimation insertions
e Betatron cleaning (J)
e Momentum cleaning (F)
e Extraction insertion (D)
e Clean insertion with RF (H)

Can use LHC or SPS
as injector LHC
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Ced FCC-TUNNEL INTEGRATION IN ARCS

FCC-hh tunnel 5.5 minner diameter L 3670 .
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FCC-HH: HIGHEST COLLISION ENERGIES

Order of magnitude performance increase in both
energy & luminosity

100 TeV cm collision energy  (vs 14 TeV for LHC)

20 ab™! per experiment collected over 25 years of
operation (vs 3 ab™! for LHC)

similar performance increase as from Tevatron to
LHC

key technology: high-field magnets

Efficiency and cost (efficient cryogenics refrigeration

distribution, energy storage and release to reduce
energy consumption, efficient power distribution)

FNAL dipole
demonstrator
14.5 T Nb5;Sn
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DETECTOR AT THE INTERACTION POINT

Distance between detector cavern and service cavern 50 m.

Strayfield of unshielded detector solenoid < 5mT.

FCC-ee
detector

FCC-hh
detector

Service
cavern

nnnnn
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Fig. 7.1. The FCC-hh reference detector with an overall length of 50m and a diameter
of 20m. A central solenoid with 10m diameter bore and two forward solenoids with 5m
diametor hbores nrovide a 4T field for momentum snectrasenny in the entive trackine valnme
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STATUS OF GLOBAL FCC COLLABORATION

Increasing_ international collaboration as a prerequisite for success:

links with science, research & development and high-tech industry will
be essential to further advance and prepare the implementation of FCC
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FCC HH STAND ALONE PROJECT TECHNICAL SCHEDULE

Project preparation & .
administrative processes Fenmssmns]

Contribution
agreements

Funding strategy

.

[ Geological investigations, infrastructure

: : : I Tunnel, site and technical infrastructure construction ]
design and tendering preparation

16 T dipole magnet 16 T dipole magnet 16 T dipole magnet 16 T dipole magnet
\ short and long models prototypes preseries series production
il T '\I
Technology R&D for accelerator and technical design Accelerator construction, installation, commissioning
r.Y r
" Set up of intemational experment collaborations, I Detector I Detector construction. installation. commissionin )
detector R&D and concept development technical design ' ’ 9 i
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FCC INTEGRATED PROJECT TECHNICAL SCHEDULE

n 10 N . 20 ] [~ 15 years operation ][ 7-10 years ][ ~ 25 years operation ]
~2040: ~2065:
Project preparation & Permis- _ _
administrative processes sions start of FCC-ee start of FCC-hh
. AN
e N i
. Funding and Furjdln.g and
Funding . - in-kind
in-kind contribution .
strategy contribution
agreements
\. agreements
-
Geological investigations, infrastructure Tunnel, site and technical FCC;;#:;R’;&?S , CE
i . : . , .
detailed design and tendering preparation infrastructure construction L adaptations FCC-hh
e aY4 N " - N A
: -hh accelerator :
FCC-e6 accelerator R&D and technical design FCQ-ee acpelerator qongtrqctlon, R&D anditechnical FCQ-hh acpelerator qongtrgctlon,
installation, commissioning desian installation, commissioning
- J\. J J AN J
(" Setup of international N\ N ([ N ( h
experiment collaborations, FCC-ee detector FCC-ee detector AL e FCC'.hh d.etector.
: . . : o R&D, construction, installation,
detector R&D and concept technical design construction, installation, commissioning technical desian L
N development J JAN Sy % commissioning )
P
Long model magnets pioygetlinaosl
Superconducting wire and magnet R&D, short models g gnets, industrialization and
prototypes, preseries . ,
g series production
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Ca FCC-INTEGRATED COST ESTIMATE

INFIERI

Domain Cost in

MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200 : Stage 2 FCC-hh Machine

il and Injector complex
Stage 1 - FCC-ee Machine and Injector Complex 4,000 — nl
| Stage 1 FCC-ee Machine and
Stage 2 - Civil Engineering complement 600 R G o
Stage 2 - Technical Infrastructure adaptation 2,800
4 stage2Technica
Stage 2 - FCC-hh Machine and Injector complex 13,600 ' 4 e T
Stage 2 Civil Engineeri
TOTAL construction cost for integral FCC project 28,600 - oomvdmg,:“ =
2%

Total construction cost FCC-ee (Z, W, H) amounts to 10,500 MCHF & 1,100 MCHF (tt).
- Associated to a total project duration of ~20 years (2025 — 2045)

Total construction cost for subsequent FCC-hh amounts to 17,000 MCHF.

- Associated to a total project duration of ~25 years (2035 — 2060)

- (FCC-hh stand alone 25 BCHF)
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INTRODUCTION ON ACCELERATOR IMIAGNETS FOR COLLIDERS
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MAGNETS ARE EVERYWHERE!!!

The very first magnet!

Permanent magnet Resistive magnet

0,5 Gauss /5.10-5T (NdFeB, 0.5T) (27)

in Madrid

h

MRI magnet (Siemens
37T)

VNIEF MC-1 (Russia)
2,8 kT

NHMFL = | LHC Dipole
ISSP (Japan) Tallahassee Bruker 1 GHz NMR (8,3T)
(750T) Hybrid magnet (23,5T)
(40 T)
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AND SUPERCONDUCTIVITY HAS A LOT OF APPLICATIONS!

High Energy

Inductive

Magnetic

NMR MRI

Power

: thation (ﬂcanons
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A BRIEF REMINDER : WHY DO WE NEED STRONG B

A magnet creates a force that acts on any other magnet, electric
current, or moving charged particle.

Increase BEAM |
ENERGY Beam energy Bending radius
E[GeV]= O.p[m]

Dipole field

Dipoles to bend the trajectory of the beam ‘ ‘

Final focus quadrupoles to reduce the
beam dimension at the interaction point

Increase
collider _
LUMINOSITY "= Feak o
(number of _ L
collisions) e
Quadrupole Beam size at the
length collision point —
o S 3 Ap p
Performance factor ~ B> R — oC Boz — C >
B p gBL
Fusion machine NMR/MRI Detector
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A LARGE CHOICE OF SC MATERIALS

Nb;Sn, Nb;Al

Large variety of wires/tapes/cables
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JENG IN LTS AND HTS CONDUCTORS AT 4.2K AND 1.9K

INFIERI

INFIERI
104 3
1‘ Nb-Ti 4.2 K LHC insertion Maximal J, at 1.9 K for entire LHC NbTi | REBCO Bl Tape Plane
i quadrupole strand . strand production (CERN-T. Boutboul '07). | EBLO Bl Tape Plane
I (Boutboul et al. 2006) Reducing the temperature from 4.2K !
er' produces a ~3 T shift in J, for Nb-Ti l ' SuperPower tape, 50 pm
" & ) substrate, 50 um Cu, 7.5% Zr,
[ %z’ ''''''''''''' = f measured at NHMFL
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; B \ Nb,Sn: === Bj-2223: B L Tape plane (prod.)
K B MgB,: 2nd Gen. AIMI 18+1 Bronze Process m=O== Nb3Sn: Internal Sn RRP®
_g - Filaments , The OSU/ HTRI, %\ . ms-mm Nb3Sn: High Sn Bronze
2013 m=e== Nb-Ti: LHC 1.9 K
= - - e > = Nb-Ti: LHC 4.2 K
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Conductor Source: http://fs.magnet.fsu.edu/~lee/plot/plot.htm
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The SC Market

» At present, the vast majority of the
use of superconductors is for
magnet applications:

- MRI: 5.5 BUSD/year®)

- N M R; SCi ence an d resea rCh . i Science, Research and Development  “ Magnetic Resonance Imaging
app roximate |y 1 BUS D/yea r(1) New large scale applications “ New electronics applications

» Large scale projects (HEP, Fusion)
represent only a fraction of the
total market:

- Evaluated cost of LHC magnet system
(material): 2 BUSD®)

- Quoted cost of ITER magnet system
(material): 1.4 BUSDB)

JT60SA

Sources: (1) from market report at Conectus.org, converted from repored 5.3 BEUR in 2013
(2) Report to the CERN Finance Committee, 2008, reported 1.7 BCHF(2008) escalated to 2013
(3) DOE Assessment of the ITER Project Cost Estimate, reported 1.09 BUSD(2002) escalated to 2013
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HTS /LTS

» Nb-Ti: 1000 t/year, mostly driven by MRI

» Nb;Sn: 10 t/year, mostly driven by NMR and
laboratory systems

» Big-science projects result in dramatic
demands, occasional and time-bound, which
need to be accommodated

- LHC required 1300 tons of Nb-Ti (300
t/year peak production)
- ITER requires 300 tons of Nb-Ti and 685

tons of Nb;Sn (150 t/year peak
production)

» All of HTS (BSCCO, YBCO) and MgB, (MTS) is
below 1 ton/year, mostly driven by Fusion
and Power application R&D
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MAGNETIC DESIGN /r;V

® Most superconducting accelerator magnets rely on saddle-shape coils which in their cross

section approximate cos(p &) conductor distributions where p is the number of poles.

Saddle-shape
coil assembly

0

- Cos(26) Cos(56)
M qguadrupole coil decapole magnet
configuration configuration
Cos@dipole coil Block dipole coil
configuration configuration

Page 24
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@ THE REAL CHALLENGE OF VERY HIGH FIELDS ,
INFIERI

10000

FCC (16T) 5 AHE-LHC imaita)

* For adipole, force proportional to the
square of the bore field

FRESCA sty (117)

HERA * Requires massive structures (high-
I | strength materials, volume, weight)
' = horizontal force Fx

Force (kN/m)
S
o
o

/ > vertical force Fy o o
100 e Stress limitis usually inside the
: Bore1f?eld (T) e superconducting coil
Force per coil quadrant in high-field
dipoles built or designed for e Cooling effects (thermal contraction of
accelerators applications and R&D materials inside the coil/structure) and

gravity are usually negligible

Design of high field magnets is strongly driven by mechanics!!!
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COMPLEX ENGINEERING - LHC MAGNET COMPONENTS -

—v-—_//

.~ 5,500t of austenitic steel
* collars

4928 cosd, two-layer,
graded poles

2370 (inner) + 4600 (outer) km of
Rutherford-type cables

I

1232, 2-in-1, | R I

_ arc dipole magnets
474 (inner) + 736 (outer) tons

of Cu/NbTi multifilament 2464 stainless steel half
composite wires shells
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HL LHC SUPERCONDUCTING MAGNET Z0O

INFIERI

INFIERI

tredpses naling chanrsed

v
-

Cuter collar
-

HN heoles

Tron yoke GERF welge

Iron stack Cail
tube g
> Protection
heater,
insulation,

brass shoc

) Koy

SS collar 5SS shell

DI1[T. Nakamoto et al.]

Skew quad  [G. Volpini. e al.]

2
-

|
o

Fabbrcatore, S. Fannon|

Courtesv E. Todesco D
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CONTEXT OF MAGNET R&D FOR A FUTURE COLLIDER
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FROM NBTI TO NB,SN Z"

LHC NDbTi \

dipoles

LHC Technology

NbTi

Beyond LHC

Nb;Sn

24/09/2019
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The
15-m long
" LHC cryodipole

=) Coil technology

ent Density (Afmm?, 4.2 K)

Whale Wire Critical Curre

I reduction (reversible)

]sApplle:‘:daenAllfsﬂllﬂﬁ)BD * ¥ e - N bssn St rai n
Courtesy of P. Lee sensitivity

I. degradation (permanent)

Strain sensitivity: a challenge impacting all the aspects of Nb,Sn magnet design & fabrication




TOWARDS 16 T MAGNET - CHALLENGES

FCC-hh
Future Circular Collider

D ~ e

100 km - 16 T: 100 TeV (c.o.m)
Sy

’’’’’’’

* Compact cost effective "7 « HighJe >600A/mm? Operation close to critical surface
' iy ’ 5 : :
magnets * Large Cu fraction Cu/NonCu > _ I-;nsurlng Nb,Sn integrity during
* Reliable series production ; . L Its life cycle
* Field quality e Jc(@4.2K,16T)> 1500 A/mm?
* Fast training magnets /|« RRR>100 SOME CONCLUSIONS
- (I)ef‘f< 20 l‘lm 10T <By< 13T — Conductor dominated NbaSn
\\_u ! magnet.
13T<Bp< 15T — High Field Nb3Sn magnet,
will require improvement in
Je to reduce volume of
superconductor required.
From LBNL in terna/ report ro’IST - Volume dominated magnet,
i} will require future "break
By Shlomo COSPI, 1990s through” in Nb3Sn, Jc.
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Cea NB;SN CRITICAL CURRENT IMPROVEMENTS (1/2)

Non Cu Jc improvement through A constant Non-Cu J_ improvement
» Strand architecture

* Strand fabrication process
* HT optimization

4000 FCC spec
E 3500 OST MIR & RRP® | | OST RRP®
E OST MIR BEAS PIT US CDP
> 3000 =========—s-—-—-——-—-—-- I — === i ani— Termary T - - -
~ SMI PIT Ternary g Luvata T 3 Lihc
< )

2500 e & EASPIT spec
-D —————————————————————————————— — — —
c IGC IT O5T MR _ A Ternary HyperTech TTT
lr_U -d A [ ] -

2000 2 _ o
S LM IGC IT Supercon PIT HyperTech TT
- A SMI PIT
= ECN PIT A Ternary
o 1500 2 ° A Supergenics TT
- ECN PIT MELCO IT N
< A ' TWCA MIR : Key
g 1000 ECN PIT ° Supercon PIT Binary Open symbol: self field corrected
< IGC IT ¢ IGCIT Supercon PIT Binary A PIT

500 A e [T
ECN PIT .
® |T -variants
0

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

24/09/2019 Time [Year] Courtesy of I. Pong, LBNL 9
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NB;SN CRITICAL CURRENT IMPROVEMENTS (2/2)

— efe = . . 1800 . R
CERN ﬂrtlfll:lﬂ Pinning Center 1700 :\\ 42K Criterion 0.1 uViem \
1500 %' = - : ! 1
CERN FCC Conductor Development Program "z 100 TN\ —— FCCJ, specification -
[ . . ,_\_E l![][] | "\?\\ -0, T Hmm-TEC T 1 h
Internal oxidation of Nb-1%Zr < L0 R ‘.;\_;‘” S
) . . ) =" 900 -‘\\\ W e APC-D.B4mm-685C/236h |
* Pinning point: ZrO, particles & 5[ % \‘;\ ]
Many institutes and industry in Japan, Korea, + enhance J 5 S ZRRQ}\ 33 APCasinm.
Russia and Europe : 30 [0a5am e -
rof OPITM2M- A “- o
* High J_but stability <16 T o LL ,?‘ 1o+ dgcrsop =T
_ _ . 6/ 17/ 18 19 20 21 22 23 24 25
TVEL ®=1mm KA, ®=1mm  Jastec, ®=0.8mm compromised State-ot-theartwires Magnetic field, 8, T
* Small Magnetization but J .
g £ Collaboration between FNAL [LDRD],
\ compromlsed Hypertech and OSU
PROGRAM . - T ]
Hf alloying of Nb-Ta poe] g [ -
] Nyt o
[ x KATO7mm * Improved pinning through Hf dopping L ) 4 , dif—
 AeTRC el 1.07mm |1 * Nb or NbTa rods can be replaced by Nb-Ta- ™} -
E 2500 —= JASTEC mial 3: 1, 0.8 mm/ Hf alloy without change of architecture ™1 + ]
E 1 , £ ] o
< FCC goal | * Prototype wire (Extrapolated values) EM ;
© ~ ] Eq. RRP non- i
= 1500 HL-LHC RRP, 0.85 mm Alloy Sno, Jetsyer (A/MM2) CuJ. w W
——  HL-LHC REP, (.7 mm 12T 15T{,_p,,_f_n1r_-|fl____ A
1000 —_l IIIE"I_‘IIICIPIT’P':?SI'"{“_ TR MbTaHf  No 96092744 3;14+1nm[ 2279+ 636 1 Eno, s, End
] 1 ]2 ]3 |4 |S |'5 Nb-Ta-Hf  Yes 8523 +3434 3U931833L_lﬂ_5_ﬁ_—.t_5_39__|
. Applied magnetic field (T) Shows untapped potential of Nb,Sn

Optimization in progress
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Bore Field (T)

BEST-OF-BREED LTS DIPOLES

14
- AHours l;:u Hourz
| Qo [ } ‘ 235
10 | [

g =3} ‘ ’ ‘

Current(ka)

FRESCA2C i
NE
= ;
| Ll “N‘l' |
Yk :
T | 2 :
= g
g 1| —o-1.9K
2| +as5K

0 2 4 6 8 10 12 14 16
Quench Number
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MBHB-(02 Summary of quenches, endurance tests and cyche loading

12 Hears 330 cpchas O Houes

[

| ===rthomal cycke

2020: eRMC
16.5Tat 1.9K
No‘bore




m NB;SN MAGNET SUMMARY /f;v
M45K @ @ Vagnet w/o bore /\ /\ Accelerator magnet INFIERI

00 mmp;
E

Bl 19K O O Magnet with bore, 2 p
20 ‘ =T5
= © o = Q
;E; € E § § E E g g % ey
8  so SRS sl
15 z 2 o Ol S0 Il
_ @ G5 B4 Zx
e E = I @ £ '3
t = 5 O O EA to",
o = o e E e
o 30 o ~ E £o
@ 2 NbTi E e 2F D
h c < (O] Al & S8=|6
S b Q| 8 9ag2
® % O 3| 5585
A Ti F=
NboTi Nb-Ti A > s
Nb-Ti
O |
1970 1980 1990 2000 2010 2020 2030
Note 1: HL-LHC technology was developed | Y&3" " Note 2: High-field magnets are a long-
well before inception (1990’s to 2000’s) term business and continuity is an asset
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A true worldwide effort on Nb;Sn magnets
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BEST-OF-BREED HTS DIPOLES

INFIERI

INFIERI

EUCARD HTS Dipole Magnet - CEA Saclay 14-26/09/2017 - LHe 4.2 K 4.7 T
[ ]
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HTS DIPOLE INSERTS

B REBCO ® @O \Magnet w/o bore
B BSCCO O O Magnet with bore
20 _ .
= Note 3: We are witness of the infancy of
E
g HTS accelerator magnet technology
15 8
¢ § 8
= Sy g &
S 10 -
= Ea W5
o
: o
2 Q@
W
0 i
2010 2015 2020 2025 2030

year (-)
Record HTS magnets
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PROGRAMS AND COLLABORATIONS AIMING AT TACKLING THESE TOPICS

U.S. MAGN ) -
@)\Es‘ggﬂw[m ASC/NHMFL, BNL, FNAL, LBNL \ / FCC CEA, CERN, CIEMAT, UNIGEnews, KEK, \

J"NFNJ T:Jr:.zlc-.'eU, UTv.c'r.-:c-

Leveraging past experience (3 e U Mapne

Dewelopment Pragram Plan

EureCirCol

Item 2.2 : High Field Dipole Development §

to Explore the Limits of Nb,Sn * Design study for FCC CDR

Item 2.4 : Magnet Science: Developing
Underpinning Technologies
development

\ \Model magnets

Iy ‘ru
[ & .J-"i': -
it Accelarator .-’,T'. .r-' Pus ¢ s
SLEN T jemz L5 .
Technolo > oed Y 'R T i
d L T | SR
A A T e -

 R&D magnets and associated

Series of Worskhops on Nb,;Sn technology for == DL L N
accelerator magnets ;;H pudkes TP \\ - AS ' Y ;._.;-_‘--.-
 2017: https://indico.cern.ch/event/665458/ %‘5 Ongoing e 0T A 1T

e 2018: https://indico.cern.ch/event/743626/ :::_::—;I discussion on high — .

* 2020 in preparation ’__" = field dipole High field magnets development

Focus on innovative concept

\ / \_ Program definition) \_ P
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TOOLBOX: MOCK UPS, POWERED SAMPLES, SUBSCALE AND MODEL MAGNETS

O

i (f’(((

A "“Q‘

k Mock-ups and Mechanical models

UNIVERSITY BOndmg eXperiment
OF TWENTE. /

PAUL SCHERRER INSTITUT k DE\FIOM\(NT
( ) PROGRAM

Ciremal
ﬁ. CCT

eRMC RMWM

Common Coil

MDPCT

Layer cosO (E “é’ o - } h
Qecent or unique Existing model magnets

Graded racetrack 12-14 T Double

KModeI magnets under development

Courtesy of S. Izquierdo Bermudez, J.C. Perez, S. Farinon, F.Toral, E. Rochepault, B. Auchman, M. Daly, P. Ferracin, F. Lackner, S. Zlobin, M. Dhalle, B. Bordini, P Bruzzone

Page 38

H.Felice | High Field Accelerator Magnets - Roadmap Preparation
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NB;SN MAGNET R&D RESULTS

Conceptual design of 16 T
block model dipole for FCC

Focus on manufacturing SMC
(process validation), design
and manufacturing of a
graded R2D2 (12 T)

Courtesy of
H. Felice

CCT technology development
towards a 16T dipole for FCC

CD1 magnet test is on-going in LBNL
(11.1 kA/6.1 T reached !)

r --
AR (F
' 0 PAUL SCHERRER INSTITUT
Swiss Accelerator _— —
Rissarch and Courtesy of B. —
Technology
Auchmann
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Courtesy of
S. Farinon

Conceptual designofa 16T
cos-theta model dipole for FCC

Focus on design and manufacturing a
cos-theta, two-layers dipole (12 T)

*  Coils manufactured at ASG (Genova),
*  Magnet assembly at INFN-LASA (Milano)

Ciemalt
Centro de Investigaciones Courtesy of
Energéticas, Medioambientales F. Toral

y Tecnolégicas

Conceptual design of a
16 T common coil dipole
model for FCC




HIGH FIELD R&D ROADMAP FOR THE FUTURE
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MOTIVATION

» High Field Magnets (HFM) are among the key
technologies that will enable the search for
new physics at the energy frontier.

» Approved projects (HL-LHC) and studies for
future circular machines (FCC, SppC) call for
the development of superconducting magnets
that produce fields beyond those attained in
the LHC.

» Progress in highest field attained in European
and international programs (EU-FP6 CARE , EU-
FP7 EuCARD, EuCARD2, HL-LHC, ARIES, on-
going I-FAST, HFM & US-DOE programs, etc...)
are encouraging

CommissafeP S ERiGomfieren ee ¢ 3Qided e 2O ds

W45K
H19K

20

=
(93]

[a=y
o

field (T)

(BNL
evatron

5

Z.7

[
=i

0

1970 1980

() D10 (50 mm)

@® ® Magnet w/o bore

O O Magnet with bore

A A\ Accelerator magnet

Couresy, L. Bottura
MDP-meeting-2021

00 mm)

Note 2: HL-LHC technology was developed well

before inception (1990’s to 2000’s)

field (T)

20 -

15 -
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5 +

2010

2015

= Bl as g 2d |8
E 2 [222 5| DEils
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5 e all @ s v QO I
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Iy = YoEQNE
O . E - fo :
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s X Al 2820
2 5
o F £id
Nb-Ti A 5 .= =
Nb-Ti
1990 2000 2010 2020 2030
year (_) Note 1: High-field magnets are a long-
term business and continuity is an asset
E
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-
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WHICH TIMELINE FOR THE FCC ? ﬁx’

Background on
magnet
development

Where are we? What do we need
for FCC-hh?

Strong R&D
programs in 2000s

* Successful 16 T Nb;Sn magnets without hore

* Encouraging 13-14* T Nb,Sn short models

* Successful 11* T Nb,Sn long dipoles and quadrupoles
to be installed in HL-LHC

Commissariat a I'énergie atomique et aux énergies alternatives



A LOOK AT THE TIMELINE FROM THE LHC ﬁ/

] INFIERI
° —
> The path to next generation 1984:ECFA  24Y83'S  199: TAP reaches 8.3T at 1.9K
magnet technology for a Lausanne 2008: installation

| 1995: first 10m prototype  completed

1988: Ansaldo single _ |
aperture model 19|98: first 15 m prototyple

(Perin,Leroy) reaches 1994. | HC Pink Book twin aperture design

collider is complex:

- Need R&D to probe concepts,
develop and understand

LHC dipole timeline

potential 9.3T at 1.6K | |
- Need robust industrial suppliers 1993: MTA reaches 9T at 1.9K
of conductor 2000-2005: series
. 1980 1990 2000 2010
- Need to ready a given | L | |

technology for a project

- Need to develop industrial
partners for magnet production

- And finally need to produce
reliable, cost effective magnets
for the next collider

Requires a strong ecosystem of
laboratory, University, and industrial
partners

Courtesy of Luca Bottura and Soren Prestemon

Page 43
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Cea GOALS OF A HIGH FIELD MAGNETS R&D PROGRAM FOR FCC

» Demonstrate Nb;Sn magnet technology for large
scale deployment, pushing it to its practical limits,
both in terms of maximum performance as well

as production scale 100000 | Development of robust and
o cost-efficient processes
- Demonstrate Nb;Sn full potential in terms of o
ultimate performance (towards 16 T) 10000
- Develop Nb3;Sn magnet technology for collider- E Robust Nb;Sn
scale production, through robust design, industrial -go 1000
manufacturing processes and cost reduction :
(benchmark 12 T) = 100 HL-LHC QXF
T c Logical step for a next
> Demonstrate. SUI-tabI|ItV of.H.TS for accelerator ® HL-LHC 11T phase (2027-2034)
magnet applications, providing a proof-of- = 10
principle of HTS magnet technology beyond the ©
reach of Nb;Sn (towards 20 T) 1 Fresca2 \ym Ultimate Nb,Sn Exploration of
MDPCT1 HTS new concepts
o Other key parameters: 0.1 and technologies
e Cost of Magnets & R&D 5 10 15 20 25
e Timeline of a realistic development Bore field (T)

* Potential for wider societal applications
* Training and education

Commissariat a I'énergie atomique et aux énergies alternatives




Cea STATE OF THE ART - INITIAL FINDINGS - 1

» Conductors — Nb3Sn "NO + NoATweT!
Ti:Nb atomic ratio = 2.0% 1

Nb3Sn is reaching the upper limit of performance.

111

N
H

Advances in composition and architecture need to be consolidated
(laboratory), and made practical for large-scale production (industry),
including considerations on all performance parameters (mechanics,
magnetization — laboratory; homogeneity, unit length, cost — industry).

g8t

127 stack

non-Cu J, (A/mm?)
N
S 8

42K
0.7 mm

. 66500150 h 217 stack
12 13 14 15 16
Magnetic Field Strength (T)

3

g

Supercond. Sci. Technol. 34 (2021) 053003 A.C. Wulff et al.

“TE\ 10° s i N WQL % gé’f:: > Con du cto rs — HTS PARRELL ef al. IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 19, NO. 3, JUNE 2009
g % REBCO CCs: Opeln symbols <A> g:g::g:wer
> | ! o Tenes) Spectacular electrical performance of HTS tapes, the challenge is now
5 9 5 ol to combine critical current with mechanical and protection properties.
= | o * Nb,Sn R&D
o | A Bi-2223 . . . . . .
§ 880, . High temperature operation (20 to 65 K) is an interesting option also
2 AN 5 driven for other fields (fusion and power machinery).
3 . :
5 _f: A Industry drive for high-field performance is independent of HEP (cost of
w g 1 . . . .

| DT HTS will decrease because of substantial investment from fusion and

0 5 10 15 20 25 30 35 40 power applications).

Applied Magnetic field (T)

Commissariat a I'énergie atomique et aux énergies alternatives
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STATE OF THE ART - INITIAL FINDINGS - 2 ;
INFIERI

» Magnets Length effects and electro-thermo-mechanics of Nb3Sn magnets are a crucial issue (11T
experience). R&D should be based on a combination of models and real length prototypes.

An initial tentative to identify suitable design options for the various field levels targeted:

2-layer cos-theta suitableupto 12 T

"55)) 16 T Dipole R&Ds in Europe and US

Common coils
@CWC@ CHART2
Swiss Acc. Research & Technology

Canted Cos-6 (CCT)

4-layers cos-theta or blocks for the 14-16 T range

Common coils to resolve the issue of the end

Blocks

CCT or other stress managed concept beyond 15-16 T

A decision on a feasible, cost-effective and

practical operating field will be one of the main outcomes

| ) DEVELOPMENT
% 4 PROGRAM

of the development work planned in the coming years.

We need a focused study on what is the best HTS cable configuration for magnet applications, targeted at
magnet construction (winding of the ends) and operation (transposition)

Page 46
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HFM R&D PLANS RELATED TO SUPERCONDUCTORS

» Nb;Sn Conductor _
- Advance performance of Nb3Sn wires beyond present state-of-the-art, X Xulse(: al, arXiv:1303.08121, 2013

with a target 1500 A/mm?2 at 16 T (mechanical properties, P

Criterion: 0.1 pV/em -
42K )

magnetization & stability, cost...). e Eﬁ; FCCJ, specificaton
. . . . . £ 1200 T3912-0.71mm-700C/71h
- Develop cables with high engineering current density, J; = 600 A/mm?, < 1o ]
. . . e . . b 1e 1 13912-0.84mm-685( /Zlbh:
appropriate to yield a compact and efficient coil design. 3 w0 —————=
2 700 i ' A
- Increase the number of qualified manufacturers of HEP-class Nb3Sn § Sof 7/ (g, TI12-0 84mm-
. i . . Z. 300 [RRPO00T6- " 675C/384h
conductor and make the material less expensive in view of a O .
demonstration of production scale-up. 100 L _saecrioonmeiocs = gl

16 17 18 19 20 21 22 23 24 25
Magnetic field, B, T

» HTS Conductor 10000
- Focus is on REBCO conductor (exploit complementarity with US for Bi- P** - FAmwg s
S *‘—t“‘ Y6 g
2212) ‘8"“&-_3-‘& P 30, @ cloy 5.

'b”%y 2

- : - LA 333 “

- Industrialize production to assure feasibility of long - 1 km target — unit g | o "‘*’@s&?@" ey
lengths and reduce the cost to make future large-scale applications < i m/: *
affordable. o Nb,5n @

I @1uV/em s

- Develop, qualify and identify the type of cable suitable for accelerator i

quality magnets (stack, CORC, Roebel, novel concepts); W0 s T s
Magnetic field [T]

C. Senatore. UNIGE

Page 47

- Study electrical insulation and suitable impregnation processes;
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@ HFM R&D PLANS RELATED TO MAGNETS ,
INFIERI

Develop ultimate (towards 16 T) field designs in parallel to samples and subscales in an agile mode that
incorporates insights from previous steps.

Develop Nb3Sn magnet technology for robust (first step 12 T target) and scalable manufacturing for long
magnets and promotion of automation and innovations leading to simplified manufacturing processes,

Complete the knowledge of material parameters and proper implementation of coil and other materials as
well as interfaces in 3D models

Manufacture and test HTS sub-scale and insert coils as a “R&D vehicle” and demonstration of operation
beyond the reach of Nb;Sn.

Explore the p055|b|I|ty of intermediate temperature range (10-20 K) and dry magnet (conduction cooled).

/owered Samples S i .
\ .!M(/ ’ yoh|y Y aTE g o ok
CCT RMC . " | PSR e e - e
subscale %)
g Existing Subscale Magnets
e : : \ Mock-ups and Mechanical / S HTS inserts
\ UNIVERSITY BOnding eXperiment models /
OF TWENTE. -
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OTHER APPLICATIONS OF HIGH FIELD MAGNETS
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NMR MAGNETS - 1

Historical Evolution of NMR Magnets

1986: Discovery of high temperature superconductors (HTS)

50 ‘ | 4 | g | 7 |
& P

_ L YV——18 N
401 . - L
— Water-cooled magnet ',' ' 415 @,
= / HTS insert v, . e S
k) Ao o
o 30F Current upper limit of o Fut S
= mit of ‘ 0 uture )
o the NMR magnet O plans =)
= e T S m S 1 g
2 20+ =
c N—
(@) o 0
© : A =

S Superconducting - 105
10} laboratory magnet g <
Ay © -

NMR magnet
0 |

L L | L | L | L 0 :
T ’(F;uerilc?:::;ker Ascend 1.2GHz NMR installed at the ETH

Year

SOURCE: https://chab.ethz.ch/en/news-and-events/d-chab-news/2020/06/8-tons-
SOURCE: Maeda H., Yanagisawa Y. “Future prospects for NMR Magnets: A Perspective”. of-hope-worlds-strongest-nmr-magnet-at-eth.html

Journal of Magnetic Resonance 306 (2019) 80-85

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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NMR MAGNETS - 2

FUTURE: NMR Magnets with more HTS

= 800 —800
?Am, 08 300 -
1.02 GHz 1.8 GHz $E | = |\ 25
S g 400 . m% &
82 o L | oS
> ’,: v 8 )
= 0 o T
o | |
? ¥ 2% 900 % 200
. Fo Example of preliminary design of the 1,8
i GHz LTS/REBCO NMR Magnet. Red-colored
E area represents REBCO coil while the blue-
o colored area corresponds to the LTS coils .
-1 § Lower table shows the main figure of merits
5 for the different HTS options
NbTi
v
Nb,Sn .
and SOURCE: Maeda H., Yanagisawa Y.
: “Future prospects for NMR Magnets: A
NbTi . .
Perspective”. Journal of Magnetic

Table 1 Resonance 306 (2019) 80-85
Comparison of three promising HTS wires.

Bi-2223 wire Bi-2212 wire REBCO wire
Critical current density at 30T at 42K Lowest Middle Highest
Stress tolerance 200-400 MPa 200 MPa 500-700 MPa
Effect of screening current Medium Smallest Largest
Single piece length of the HTS wire (2019) <1 km A few hundred m <500 m

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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%

: "Big" physics
(mainly LHC) |
31% )

MRI represents the biggest
magnet sector for applications
of superconductivity

Increasing  the
field means
increasing  the
resolution

Micro-bleeds

11,75 T

.

¥ e .

GE-SHFJ/CEA Minneapolis

Length
(m)

125 17

Diameter
(m)

Mass
(tons)

25% of
the market |

<«— ULTRA HIGH FIELD MRI —

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe

75 units since 1998

75% of
the market
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MEDICAL APPLICATIONS : SUPERCONDUCTING MRI

ASG Magnet for NHI (USA) & NRI (Korea)

2 MRI Systems

@ 11.7T

NIH/NRI Iseult
Norminal current | 246 A 1483 A
Inner diameter | 68 cm 90 cm
Outer diameter | 2.7m 5m
Length 4m 52m
Shielding Passive Active
Mass 820 tons 132 tons

(magnet: 70 tons

iron: 750 tons)
Operation mode | Persistent Driven-mode
Temperature 2.3K (saturated) | 1.8K

(superfluide)

Helium bath 64 mbar 1.2 bar
pressure
Helium volume 3000L 7000L
Stored energy 194 MJ 338 MJ
Inductance 6400 H 308 H

xxi}:u

INFIERI

PRESENT: State of the Art in Conventional SC MRI Systems & HFM MRI Systems
ISEULT Magnet for NEUROSPIN
11.72 teslas on July 18, 2019.

SOURCE: L. Quettier “Magnetic
Resonance Imaging”. October 2020




MEDICAL APPLICATIONS :

NEXT STEP: Boost MRI Technology and magnet
technology in general to 14+ Tesla, 600 + MHz

Center field, tesla 1.7 14.1
Uniformity 0.5 ppm @ 22 cm DSV - brain imaging
Warm bore 90 cm 60 -70 cm
Magnet length 52m 3-35m
Peak field 18T 145T
Operating temperature 18K 42K
Persistent operation Driven TBD
Stored energy 338 MJ 120 - 180 MJ
Current 1.5 KAmp TBD
Current density 25 to 39 Amp/mm? 50 - 70 Amp/mm?
Magnet technology Double-pancakes, shielded Compensated solenoid, shielded
Conductor type NbTi NbTi and Nb,Sn
Conductor weight total 84 tons 12 to 25 tons
Nb,Sn andlor HTS - 110 2.5 tons

FUTURE: Ultra Compact MRI based on HTS

Since 1999, different configurations have been proposed
to develop ultra compact MRI systems based on BiSCCO,
YBCO or ReBCO at moderate fields. The absence of He and
the compactness allows the integration and even the
mobility for emergency diagnostics.

Mitsubishi Electric is involved in a program for developing a
full scale 3T HTS MRI system.

SOURCE: M.Oya et a. “Development of a 3T HTS Magnet for MRI”
Mitsubishi Electric Corporation . 25" Conference on Magnet
Technology.
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NEXT GENERATION OF MRI SYSTEMS

FUTURE: Even higher HFM MRI

NbTi bucking ~4 T|

SOURCE:L. M. Parizh. “Ultra-High Field
Superconducting Magnets for Magnetic
Resonance Imaging “-MT26 Vancouver
2019

Radial éirection

:I Cood [ ™7

NbT'9T|

I Nb3Sn- 1457 |

Axlal direction
2013 2015 2017 2019 2021 2026
[ | L L L L

A

: Mini coils
1/3 scale, 3T

@ 1/2 scale, 3T

O 1/2 scale, 5T

o=, Full scale, 3T

Commercialize

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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NEXT STEP TOWARDS FUSION ENERGY : ITER

Central Solenoid
NbsSn, 6 modules

.......

Poloidal Field Coil
Nb-Ti, 6

Toroidal Field Coil
NbsSn, 18, wedged

=
Tore Supra JET Fusion Power: 500 MW 3
25 m? 80 m3 Plasma Volume: 840 m3
Q~0 Q~1 Q=10
400 s 30s  Plasma Inductive Burn Time 2400 s ===

1,5 MA 5 MA
42T 35T

Nominal Plasma Current: 15 MA
Toroidal field 5.3 T

Major radius 6.21 m Typical Temperature: 20 keV

Minor radius 2 m Typical Density: 1020 m-3

Commissariat a I'énergie atomique et aux énergies alternatives

Blanket Module
440 modules
Vacuum Vessel

9 sectors
Cryostat

24 m high x 28 m dia.
Port Plug (IC Heating)

6 heating
3 test blankets

Divertor
54 cassettes

Torus Cryopump

8 units




FUSION MAGNETS: ITER MAGNETS

State of the Art ’

April 2021
PF5 coil leaves manufacturing
Outer diameter 17 m

weight 330 tonnes

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe

Commissariat a I'énergie atomique et aux énergies alternatives

Feb 2020

First Japanese Toroidal Field Coil completed
Magnetic field 11.8 tesla

Stored energy 41 gigajoules

Weight 360 tonnes

Dimensions 9x17 m

Y Y o e —— — — Ji
-\"‘--- r——ﬂ.‘v‘ .le .




FUSION MAGNETS: COMPACT HTS FUSION MAGNETS - 1

Two private initiatives at Tokamak Energy (UK) and Commonwealth Fusion Systems (US)

10 i 3
s - 3000
q' SU DEMO BN Built Copper = PE2
, Proposed Copper - PF3
8 ' BN Pr
| oposed LTS 3
: B Proposed HTS L1000
I —
- 61 [ m
E | E
o 11
@ 4- : >Q
! -100
271 | E 0
| 10 .
I 1
0 v | - v v !
0 2 6 8 10 12 14 Eo
Bo (T)
Source: AJ. Greely, et.al. Overview on the SPARC Tokamak, Published online by Cambridge University Press: 29
September 2020
_2 4
Timeline
Building HTS magnet in progress
Start SPARC Fusion Energy Demonstration in 2021 _3

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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FUSION MAGNETS: COMPACT HTS FUSION MAGNETS - 2

Two private initiatives at Tokamak Energy (UK) and Commonwealth Fusion Systems (US)

Tokamak ST40 is with copper and Non insulated HTS magnet has achieved Conceptual design of
power supply from Supercapacitors magnetic field of 24.4 T at a ST 135

temperature of 21 Kin 2019

Pfs = 200 MW
Qfys = 5
Ro=1.35m
Burs =20,2T

| plasma=7-2 MA

There is a strong mismatch in timelines of ITER and DEMO development
in comparison to compact HTS Fusion Magnet development

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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Source: picture and data from https://www.tokamakenergy.co.uk/
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HIGH FIELD MAGNETS: US

Hybrid magnet National High Magnetic Field Laboratory (MagLab)
45 Tesla, 32 mm bore

33.5 T resistive insert 32 T all superconducting user magnet with HTS insert

30 MW power 34 mm bore, 0.5 T/min ramp rate
11.5 T LTS outsert
Hybrid Magnet
ou%:;tort - Cross Section Electrical and
SopereonBuchng
e el o ae

Watee Pio
ater S -
o In addition:

32.25 T achieved in full superconducting magnet in China in 2019

Source: https://nationalmaglab.org/user-facilities/ Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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HIGH FIELD MAGNETS: US, KOREA, JAPAN

45.5 T Hybrid Magnet with HTS insert

Hybrid magnet 14.4 T with HTS insert
45.5 Tesla with HTS insert 12 pancakes

31.1 T resistive background field with 50mm warm bore

________________________________________________________________________________________

e ————— | - Copper bobbin ‘\‘
G-10 holder = (current lead,

{i  Copper block positive)

5 ' (current lead, negative) |

\ Pancake P1 :
: " Belleville washers ' |
: REBCO tape 2 \
| Defect

o

Pancake-pancake spacer
DP-DP spacer —

Pancake P12 \

Quter joints

Bypass current Insulation
. Copper bobbin —~ {
No-insulation winding H (current lead, positive)

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

,no electrical burnout at high field quench”

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe

QUUILE. TILLYD.//UVILVIE/ 1U.1UD0/>41I000V"ULlIJ"1LIJ0"1
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HIGH FIELD MAGNETS: EUROPE

Hybrid Station EMFL-G (LNCMI Grenoble ):
Construction of 43 T hybrid magnet

m  Superconducting magnet alone 8,5T
« 85T B @ 800 mm M (700 kW)

= Supercond. + Bitter (9 T)
» 175THR @ 376 mm W (12 MW)

s Supercond. + Bitter + Polyhelix (25 T)
w» 425THR @ 34 mm W (24 MW)

.- NbTi 8.5 T—- 500 mm Outsert

Magnet manufacturing

Assembly and testing ongoin
(BNG, Allemagne) Y 4 g g

Superconducting outsert arrived, final Commissioning expected in the course of
assembly & testing started 2021
Commissioning mid-2021 Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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HIGH FIELD MAGNETS: EUROPE

European Magnetic Field Laboratory (EMFL)

Ongoing 48-months SuperEMFL design-study

=8 " ' : towards full superconducting user magnet
[EEIHTS Insert Magnetic Induction bevond 40 T
30 - M Resistive Outsert Magnetic Induction y :
' Partners:

Centre National de la Recherche Scientifique (FR)
Helmholtz-Zentrum Dresden-Rossendorf e.V.(DE)

I Radboud University (NL)
Commissariat a I'Energie Atomique et aux
[ | Energies Alternatives (FR)
| _ European Magnetic Field Laboratory AISBL (BE)
0 5 10 15

N
(67

N
o

=
(&)}

-
o

Université de Geneve (CH)

Universiteit Twente (NL)

Institute of Electrical Engineering, Slovak
Academy of Sciences (SK)

Theva Dinnschichttechnik GmbH (DE)
Oxford Instruments Nanotechnology Tools
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Resistive Outsert Magnetic Induction (T)

The HTS insert NOUGAT: Limited (UK)

- 32.5T at 38 mm useful diameter Bilfinger Noell GmbH (DE)
- 9 double pancakes

- Metal insulated HTS insert Kick-off: Jan 2021

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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POWER APPLICATIONS - 1

State of the Art
Cables
Picture: Nexans
Cable Cryostat
Liquid Nitrogen
Return
Dielgctric

Liquid Nitrogen ‘
Inlet

Voltage 10 kV

Phase L1
Phase L2

| Neunalczngu;tmul_-..-‘ ower 40 MVA
Phase L3

Length 1000 m

Reliable long term operation since April 2014 in inner
city of Essen, Germany.

Commissariat a I'énergie atomique et aux énergies alternatives

Fault Current Limiters

Nominal voltage 220 kV
Nominal current 1200 A rms

SuperOx superconducting fault current limiter with lzolyator
high voltage bushings at the Mnevniki electrical substation of
the United Energy Company in Moscow

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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C2a POWER APPLICATIONS - 2

State of the Art 15 rpm, 40 HTS coils
~ 20 km 12 mm wide tape

Rotor weight 30 tonnes
3.6 MW

Rotating Machines

Conventional Superconducting
PM generator generator

HTS coil assembly

Rotating Machin

sus Superconducting DC
- rotor with conduction
HTS COO“ng

Pictures: M. Bauer, "Development, test, installation, and commissioning
of the 3 MW superconducing EcoSwing wind power ,MT26, September
26, 2019, Vancouver, Canada

Courtesy of Luis Garcia-Tabares Rodriguez, Mathias Noe
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INFIERI

R&D on High Field Magnets for Accelerators is progressing well, taking into account
the needs of the high energy physics community for future colliders at higher
energies. (FCC hh,..)

European and international collaborations are being set up to take advantage of
the complementary strengths and technical capabilities of the various partners.

The impact of High Field Magnets development on the industrial ecosystem, on
the training and education of future generations of magnet builders, and on the
sustainability of the technologies developed will also be explored.

It is time for young applied physicists, engineers and technicians to get on the
ship.

The challenge for the next 10 to 20 years is inspiring but considerable, and the
engine room is ready to respond ....Full speed.

Commissariat a I'énergie atomique et aux énergies alternatives



