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Discovered

N
Mercury and Lead,
and had

"The 10 T magnet project was stopped when it
was observed that superconductivity in Hg and
Pb was destroyed by the presence of an external
magnetic field as small as 500 Gauss” (0.05 T).

and it took ~50 years to understand why - 1960s



Raising Critical Current & Understanding Stability

50 years of research was needed to understand the basics of
superconductors and to make the first practical wires for 100-500 Al

Pick the right superconductor, NbTi, study the micro structure and
fill the superconductor with pinning centers in a pattern that matches the
flux line lattice ---> high critical current in thin filaments

A~:‘ﬁ_, = ‘x\ ‘ 4
-"’.‘ K ; "’T‘ >. 1: 0"
b7 V¥ &\ et NN S
'r'/ﬁ 1y -1):' ’L‘l ) N
7 e o o ! ~ 7
o e . |, N <

Microstructure of Nb-Ti Fine NbTi filaments in a wire



First real superconducting magnets

It took 50 to 60 years for making a first showable coil.....

1961: 1.5 T @ 1.5 K colil with Mo3Re wire (Kunzler e.a., Bell Labs)

1971: first NbTi magnet Oxford Instruments ‘



Modern Superconductors : practical for magnets

ReBCO for DC

YBCO Bl;Tape Plane magnets of 17 -
- -—ayinv? "‘—H-l-—'l--q-nh___. ) __.T'I.'-ECﬂ B|| Tape Plane 40T , expensive,

cost must come

“ 2 NbTI = T u down for large

1000 '\-. scale use
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Minimum
—&—YBCO Insart Tapa {8 Tapa Plane) practical current
—a—YBCO Insart Tape Bparp TR densit
—#—NigB2 19Fil 24% Fill HyperT

2212 OI-5T 24% 5C (PRI 32 d)
—&— Wi LHC 38%.5C 4.2 K)

BSCCO-2212 for
DC magnets of
17-40 T provided
cost reduced

Applied Field

MgB, not for high field NbTi], still the workhorse Nb,;Sn for magnets
magnets but for niche for 1-9 T at 2-4 K of 9-20 T

market 1-5T, 4-20 K
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Safe Magnet Current scales with volume of magnet,
--=-=> guest for high current cables

~~ | ’ e Y 3
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2 m3 MRI magnet 25 m3 ATLAS solenoid
~ @ 1-3 T, ~10 M] @ 2T, 40 MJ

50m?3 LHC dipole | 400 m3 HEF detector magnet 1000 m3 ITER magnets
@83T @4T, 2.6G] @ 10-13T, 50 GJ
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The Challenge: Engineering from Material to Magnet

Lattice Filament Wire
e

How to make performing multi-kA conductors that guarantee
magnets to operate safely, reliably, showing no degradation ?

----> We need to understand and control the entire chain.

A front line magnet can perform only with the best possible
conductor made from optimized superconducting material.



Applications? Wind turbines

A first-in-the-world demonstration medio 2019 of a really
superconducting wind turbine using ReBCO superconductor!

3.6 MW, 128 m span with ReBCO superconducting coils in the rotor.

Expected Key Benefits

Generator Weight: -40%

{ Generator Length: -22%

Generator Cost: -40%

| (mature market)

Nacelle Weight: -25%

Fig. 1: Envision GC-1 turbine (E128-3.6 MW) installed Thyboren, Denmark. EcoSwing will replace pink parts by an HTS
generator and an innovative power converter.

A EU Horizon 2020 project by Envision, ECO5, Jeumont, Delta, Theva, SHI,
DNV GL Energy, Fraunhofer Institute & University of Twente.



Applications? Nuclear fusion

Superconducting magnet system for plasma drive and confinement:
ITER, designed for 500 MW net energy, a unique 1¢ demonstration
device in Europe.

University of Twente is a reference test-lab for the development of
superconductors for such magnets. D+T=>%e+n+ 17,6 MeV

Not only for ITER, but practically for all
fusion projects on this planet.

B, ot

ITER construction in Cadarache, Frankrijk ITER machine ITER superconductors



Applications? Particle Accelerators

CERN's core activity: production of new particles by
bringing into collision protons/electrons by which energy
is transformed into showers of new particles ....... and thus
also generating the unknown we are looking for
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Superstrings ?
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@) Zoom: High Energy & Astro Physics Tools

|""~./}B|g Bang

Quarks

Electron Radius of Galaxies

Universe

Super-Microscope

Study physics laws of first moments after Big Bang
iIncreasing Symbiosis between Particle Physics,
Astrophysics and Cosmology



Tool box: Circular - versus Linear Collider

accelerating cavities
- =
Circular Collider

Many magnets & few cavities — need strong magnetic field for smaller ring
High energy — high synchrotron radiation losses (<E%/R)
High bunch repetition rate — high luminosity
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source main linac

Linear Collider
Few magnets & many cavities — need efficient RF power production
Higher gradient — shorter linac

Single pass — need small cross-section for high luminosity
12



14 TeV proton-proton collider, more than 9000 superconducting magnets
by far the largest superconducting system in operation
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Helium-1l Vessel

Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel
Radiation Screen

Thermal Shield

9 The
. 15-m long

Auxiliary
CUD? Bus Bar Tube I_HC di I
)’
Protection " Instrumentation Cl'yo po [
Feed Throughs
Diode g

LHC: 8 T dipole magnets in a 23 km tunnel

LHC type cables
NbTi/Cu 28 strands
I. (1.9K, 9T) ~ 20 kA
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7 Superconductors & High Energy Physics

The Large Hadron Collider could not be realized without exclusive
use of superconductivity and high quality magnets.

Nb/Cu cavities b Lumincsty 1232 dipoles magnets
for | for bending

acceleration

386 quadrupole
magnets for focusing

ATLAS and CMS
detector magnets

Insertion and Final
Focusing magnets

& ' _,
—s‘ g Cleaning
Q =
3 I - -
RN I ‘ ~6000 correction
SO of magnets
7 \
LHC-B
.QQ
. OW.‘
NySICS)
OW D
gl minosity

No Higgs without Superconductivity!
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Calorimeter

ATLAS Experiment: particle detection

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
A N |

1N

dddddddddddddd
re invisible

u\'w
12 EXPERIMENT
http://atlas.ch  §

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Charge identification and momentum
measurement require curved trajectories of
collision products, thus magnetic field

Solenoid for inner trackers, Toroids for outer

muon tracing (example Higgs event) P



) - ATLAS Superconducting magnet system

1 Barrel Toroid and 2 End Cap Toroids and 1 Central Solenoid
generate 2 T for the inner detector and ~1 T for the muon detectors

21 m diameter and 25 m long
8300 m3 volume with field

170 t superconductor
320 t magnets
7000 t detector

90 km superconductor

204 kAat4.1T
1.6 GJ stored energy
4.7 K conduction cooled
9 yrs of construction 1998-2007

By far the largest trio of toroids ever built !
17



ATLAS Magnets - integration on surface

Solenoid 2 T at 7. 83 kA
2.4 m bore x 5.3 m long
39MJat2T, 7.73 kA

. J P & End Cap Toroids
8 25x5 m? long/wide coils [ SN - WP 20.4KA, 41T, 250 MJ
1.1GJat4T, 20.4 kKA W/ 140t cold mass




On the move to the ATLAS site
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Onnes’ First Coil and Largest Magnet ever built
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_ @) ' Finding Higgs in proton-proton collisions

e+
An example, more i
discovery channels exist! €
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| Higgs events H-> zzZ") > 4] (4e, 4y, 2e2y)

4u candidate with m,,= 124.6 GeV
QATLAS
e

EXPERIMENT
http://atlas.ch m
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Run: 189280
Event: 143576946

2011-09-14 12:37:11 CEST
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@N It takes time...........Mr Higgs

VoLUME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcToBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

“I certainly had no idea it would happen

in my lifetime at the beginning, more

than 40 years ago.

I think it shows amazing dedication by

the young people involved with these

Physics Letters B colossal collaborations to persist in this
e e e = way, on what is a really a very difficult
task.
Observation of a new particle in the search for the Standard Model / congratulate them.”

Higgs boson with the ATLAS detector at the LHC * Peter nggs JUIV 4th 2012
’ ’

Universally Available




N Next? 1 - a COMPACT Linear Collider CLIC

‘}} Legend

Linear e*e" collider for up to 3 TeV

| === CERN existing LHC

100 MV/m accelerating gradient in a Saigdprpsiie
compact machine of 50 km  sene CLICTSTev

Based on normal-conducting .

accelerating structures and a .
two-beam acceleration scheme i

Conceptual Design Report in 2012.
International Collaboration: ~80 Institutes

540 klystrons . 540 klystrons .
20 MW, 142 s | | | circumferences | | | 20 M& 142 ps Cha”enges

delay loop 73 m

ey Lot . A -l « Minimize RF breakdown in cavities

- » - .

25km 25km  Power transfer drive to main beam

delay loop » < delay loop

decelerator, 25 sectors of 878 m ° Reduce power (600 MW@ 3 TeV)

Bcﬁ P ﬁm  nm size beams, final focus

——A\—-z‘??%ﬂz??fm i EIT Rl RS

e~ main linac, 12 GHz, 100 MV/m, 21 km e* main linac TA )

- / »

CR combinerring ’,v"‘ u

TA  turnaround / | |

DR dampingring ——

PDR predamping ring ooster linac -

BC bunch compressor 2.86to 9 GeV Main Beam

superconducting

IP  interaction point A

] dump e
1 L

=1 [E12) magnets!

e injector DR DR H PDR }\__ e* injector L]
427 m/|389 m,|
NG

2.86 GeV 427 m 2.86 GeV
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Next? 2 - Options for a 100 TeV p-p collider

Collision Energy = 0.6 x BxR [ 15T — 100 TeV in 107 km (S et - ERIERT

16 T = 100 TeV in 100 km f'fl;
B: 1.9x from NDbTi to Nb;Sn

B: 2.4x from NbTi to HTS

R: 4-5x more magnets SV S e
g e 7 - HE-LHC option

@ %P ~16T in LHC tunnel> 21 TeV
3 ® ~20T in LHC tunnel> 33 TeV
New ~100 km tunnel in ‘ {a |
Geneva area

100 TeV p-p determines
the size

Options for adding an
e+e collider (TLEP) &
pe collider (VLHeC)

New CERN-hosted study
started in Feb 2014.

» Extremely challenging project. &

v Options shall be explored......

Detectors in 350-400 m deep caverns ! 28



| Superconductors and FCC options
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uture==irculafgliideiricis _ wmesSStaa, = 7 - ¢
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S M= FOr comparison:

ITER uses only
200 t NbTi and
500 t Nb;Sn !

-
= v \ e =
e e S Image © 2013,
o = N R
- gt 6 Image £ 2013 IGN=France
P - - .«_;, e

LHC HE-LHC FCC-hh
27 km, 83T 27km, 20T 100 km, 16 T
14 TeV 33 TeV 100 TeV
1300 t NbTi 3000 t LTS 9000 t LTS 6000 t Nb5Sn
0.2 t HTS 700 t HTS 2000 t HTS 3000 t Nb-Ti ,,



@N Highest magnetic field - In dipole magnets

RO3b Hph 36 mim
< @MC

SMC §2 @ ‘HD3b 43 mm

5 & MBHSP102

Magnets with bpre
RD3c - 35 mm

HD1a o HDlm RMC

1970 1980 1990 2000 2010 2020
year (-)

Steady progress towards 16 T class dipole magnets enabling the FCC hh




7_ Remarkable progress - Superconductors for 16 T

4500

4000 | I7ER wires
3500 [esiat
3000

2500

2000

1500
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Bronze

iy
e
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3
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i
=
g
[
o
£
o
L

500

0
1985 1990 1995 2000 2005 2010 2015 2020

year (-)

= Steady increase in current density,
from 500 to 3500 A/mm~?in 30 years!

= Magnet records follow progress in superconductors with

Increasing current density!
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Magnet Design & Engineering for 16 & 20 T

Magnet designs for 16 T |dea-dipole magnet for 20 T

T u s e
it
S e AR
Il“"r:‘

I ' 1 >
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4
40 60 80 100 120 140 160 180 200 220 240 260

Cost optimized, graded winding

Blocké layout




EN| CERN - EU collaboration for 16 T in 2018

o A

CERN/EU program

Eur: Cero%

3T UNIVERSITY

'
France e

CEA

CERNBUNIGE g umvmsné [

= N A "’ DE GENEVE
aly

INFN 2 ‘N b

Spain {i’r //:y 7 r— ;\\\\Nk\N\‘

CIEMAT\’\/:[' ., 2 : 2018

Racetrack Model Magnet, 16 T in 50 mm

Design a 16 T accelerator-quality DemonstranAagnet

model dipole magnet, operating at
4.5 Kby 2018 | 100 km Nbs;Sn wire for short models




FCC detector magnets - Sizing

What determines the size of the generic “4n“ detector and magnetic field?

Radial thickness

tracking length inner detector
+ thickness of the solenoid
+ radial build of the calorimeters
+ tracking length for muons
+ thickness of shielding iron yoke

Axial length

“catch angle” in forward directions sizing the length of the solenoid
+ thickness of iron shielding.

34



Detector magnets - Design drivers

Bending power: 100 TeV = 7 x 14 TeV

o(pr) _o(k) _ 9 Pr | 720

Pr K 03BL2V(N+4)

For same tracking resolution
BL?%/c has to be increased by factor 7!
> For same o, need increase magnetic field in solenoid upto 6 T
Also need low-angle coverage in forward direction
> Add a dipole, toroid or solenoid in forward direction
And HCAL depth from 10 to 12 A (iron), radial thickness 2.5 - 3.0 m!

> Free bore of solenoid increases to 5 to 6 m and length accordingly.

ECAL to cover low angles, move out, from 5 to 15 m, system gets longer.

Thus: higher magnetic field, larger bore, longer system.

35



| @) - FCC-hh - Solenoid with iron yoke — heavy!

6Tin1l2m bore, 23 mlong, 28 m OD p— /
« Stored energy 54 GJ, /

* 6.3 T peak magnetic field.

Yoke size and weight?

* 100% shielding requires 6.3 m
thick iron (10 mT at 22 m)
« 15 ms3, 120 kt (= 600 ME€).

Huge mass, serious consequences for cavern floor, installation, not elegant.

« Can it be less?

« For muon tagging at 1 Tm, yoke thickness of 1 m is fine, still 22 kt

« Then stray field with 2 layers, 1 m iron, 22 ktis 14 mT at 50 m, 300 mT at 30 m.
Fringe field has to be made acceptable, or be reduced by local shielding.

Even so, still a heavy magnet system with some 30 kt overall weight.

Classical solution doesn’t work, need innovative design & cost reduction! %



FCC-hh novel — Baseline Detector

For same
resolution
BL2/c scales
with the
collision
energy

FCC Detector magnets are huge! Systems size of 25 m diameter and 50 m length.

« Main solenoid with 4 T in a 10 m free bore

* Forward solenoids, to extend the bending capacity for low angle particles

e Stored energy: 14 GJ

37



Cavern - Magnet installation challenges

* [nstallation of a detector in a 400 m deep shaft is not that easy!

38



It easily takes 30 years....... start now!

“CERN should undertake design studies for accelerator projects in a global context, with

emphasis on proton-proton and electron- positron high-energy frontier machines.”

Evolution of CERN machines....................... S REEOaRA0aa AR EaaREAaaaAsaaanE

N p——
Proposed FCC |BESEHIRED JNRIRREN | Construct | | Physics)»

15t step in progress: -

FCC Study: p-p machine to achieve 100 TeV, CDR & Cost Review in 2019
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~ Chinese in China - CepC-SppC ?

_— el - A £ . -

- Proposed In Chlna competltlon IS good' \y lﬂ{ﬁ{)‘;/?';” h’ﬁzg‘fu ,77 f’,'{f{ . ’
- Site options in the Qinghuangdao area. : Al el

- On S|m|Iar time scale as CERN S FCC

C-ep-C S-pp-C
’ .11 Collision energy 240 GeV 70 TeV

\U\\ LS

f& >0+ v. Dipole field 20T |

. ..' '_ .'-:'ui
- —“——JL—**-H-Q&_;, e i Circumference 54 km

A. Apyan, et al., “"CEPC-SPPC Preliminary Conceptual Design Report”, IHEP-CEPCPP-DR-2015-01, IHEP-AC-2015-012015. 40



Conclusion

CERN is preparing for the upgrade of the present LHC for higher luminosity
for which new 11 T class Nb;Sn dipole and quadrupole magnets are being
developed; built and installed in few years.

This program gives a true boost to magnet R&D and production technology
for full-size Nb;Sn magnets, for the first time in history.

A design study for a next 100 TeV FCC has started, requiring a large scale
production of 16T class Nb;Sn magnets and the necessary R&D short and
long models (including HTS for 20T trials).

For the detectors, very huge, world’s largest magnets with 60 GJ stored
energy, need to be developed.

FCC accelerator and detector magnets require new conductor R&D to get the
current densities and stress performance needed, an excellent opportunity
for European labs to do highly relevant front line research, and very
necessary to let the FCC dream come true....

41






