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Future Circular Collider Study

Goal: CDR for European Strategy Update 2018/19

International FCC collaboration
(CERN as host lab) to study:

« pp-collider (FCC-hh)
= main emphasis, defining
infrastructure requirements

~16 T = 100 TeV pp in 100 km

e 80-100 km tunnel infrastructure
in Geneva area, site specific

 e*e collider (FCC-ee),
as potential first step

« p-e (FCC-he) option,
integration one IP, FCC-hh & ERL

HE-LHC with FCC-hh technology
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Schematic of an
80 - 100 km
¢ long tunnel
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((5E%)) CERN Circular Colliders & FCC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

- Constr. Physics LEP

Construction Physics LHC - operation run 2
HL-LHC - ongoing project Construction Physics
< ~20 years >
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Must advance fast now to be ready for the period 2035 — 2040
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(FCS)) Progress on site investigations

Geology Intersected by Shafts shaft Depths

* 90 — 100 km fits geological situation well
| » LHC suitable as potential injector

|« The 100 km version, intersecting LHC,
IS now being studied in more detall
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Injector options:

LHC
*«SPS - LHC - FCC

. SPS/SPS > ECC | 100 km intersecting vé_rsiqn '

upgrade

Current baseline:

o D_theta = 29 deg
* Injection energy 3.3 TeV LHC _~

DZ=64m

L=4.0km
D_theta=131deg

Alternative option: D_Z=110m
* Injection around 1.5 TeV

* SPS,,4raqe COUld be based on fast-cycling SC magnets, 6-7T, ~ 1T/s ramp
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G== Common layouts for hh & ee

FCC-ee 1, FCC-ee 2, 11.9m}  |IP" 30 mrad
FCC-ee booster (FCC-hh footprint) <= FCOhX
L A B

Inj  EXP - nj
1.4km AKM ) dkm

ee Booster
94 m
Lepton beams must cross over through the

common RF to enter the IP from inside.
\ Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
. fec_ring_roundracetrack_lhc_99.983_14.3_000_ring.svy
I I [ | I
- FCC-hh ]
25 ——FCCee- | f
——FCC-e+ ]

Common  ® 7 Commonsy

== AIC (L=16km,R=13km)
== Mini-arc (L=3.2km,R=13km)
== DS (L=0.4km,R=17.3km)

== Straight

Coll 2.8km Coll 2.8km

FCC-hh

Extr 1.4 km Extri.4km

_RF (tt) g\ 4 RF(tt)
I ayo Ut E 10 . \ - - / / —
N S ]
5 \\ _,/ =
| \\\ \\._‘X‘/ ‘// _E
-%DO‘ = ‘-ﬂlﬂ_ml = '-éoo‘ ' "’ * 1|J * \‘ = gl()-otl = ‘ﬂJH-mI = .15;00

GX (m)
Max. separation of 3(4) rings is about 12 m:
wider tunnel or two tunnels are necessary

H G F around the IPs, for 1.2 km.
« 2mainlIPs in A, G for both machines
« asymmetric IR optic/geometry for ee =< =

to limit synchrotron radiation to detector
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£55)) Hadron collider parameters

parameter HE'LH%:tauve (HL) LHC
collision energy cms [TeV] 100 >25 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27
#IP 2 main & 2 28&2 28&2
beam current [A] 0.5 1.12 (1.12) 0.58
bunch intensity [10'] 1 1(0.2) 2.2 (2.2) 1.15
bunch spacing [ns] 25 25 (5) 25 25
beta* [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 20 - 30 >25 (5) 1
events/bunch crossing 170 | <1020 (204) 850 (135) 27
stored energy/beam [GJ] 8.4 1.2 (0.7) 0.36
synchrotr. rad. [W/m/beam] 30 3.6 (0.35) 0.18
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FCC-hh luminosity phases

phase 1: f*=1.1 m, AQ,,~=0.01, t._=5 h, 250 fb-1/ year
phase 2: $*=0.3 m, AQ,,=0.03, {.,=4 h, 1 ab'/ year

Transition via operational experience, no HW modification

luminosity [103* cm~2s-!]radiation damping: t~1 h

Total integrated

25| ' A i luminosity over
20 25 years operation:
15 | | O(20) ab-'/experiment
10 _ _
s phase 1 | | cons!stent with
"'""""--_...._-I J_"—-.— physics goals
0 5 10 15 20 time [h] PRST-AB 18, 101002 (2015)
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(£CS)) FCC-hh full-ring optics design

Regular arc cell Interaction region Injection with RF Momentum collim.
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Full ring optics design K N

available as basis for: S e oo

. . — Straight - 3

* beam dynamics studies J [ e corsan | oy st

Extr 1.4 km Extriaxm

« optimisation of each insertion

Extraction/dumping
» definition of system specifications L L1

G000, dumpstraight MAD-X 5.02.08 01/03/i6 17.26.38

2.2

(apertures, etc.) | E“ | Q
« improvement of baseline optics H o F

and layout iR o
 collimation efficiency study & optimisation 0 Jor PO Npsenncnpons
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Synchrotron radiation

beam screen prototype

High synchrotron radiation load  First F_’FC-hh beam screen pro,tot“-"';
of proton beams @ 50 TeV: Testing 2017 in ANKA within EuroCirCol
~30 W/m/beam (@16 T) (LHC <0.2w/m) = ST (dase
5 MW total in arcs (@1.9 K!!!) e

New Beam screen with ante-chamber

- absorption of synchrotron radiation
at 50 K to reduce cryogenic power

- factor 50! reduction of power for cryo
system

1111/
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Synchrotron radiation

beam screen prototype

Flrst FCC- hh beam screen protot'

Tg ‘ FZ

High synchrotron radiation load
of proton beams @ 50 TeV: ;
~30 W/m/beam (@16 T) (LHC <0.2W/m) £ B
5 MW total in arcs (@1.9 K!!!) -
New Beam screen with ante-chamber

absorption of synchrotron radiation
at 50 K to reduce cryogenic power

factor 50! reduction of power for cryo
system 29,6

------ n.'/mmm
"l'. 18 1 7

~~~~~ : Photon distribution

| e LLL— e
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FCC ) Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K

3000

Tcm=1.9 K, 28.4 W/m
2500 Tcm=1.9K, 44.3 W/m
000 Tcm=4.5 K, 28.4 W/m

Tcm=4.5 K, 44.3 W/m
1500

1000

500

Total power to refrigerator [W/m per beam]

O e e B —— |
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Beam-screen temperature, T,  [K]
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FCC ) Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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FCC ) Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
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( [5==D, Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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( [5==D, Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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FCC ) Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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Cryo power for cooling of SR heat

Overall optimisation of cryo-power, vacuum and impedance
Termperature ranges: <20, 40K-60K, 100K-120K
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Nb,Sn is one of the major cost & performance factors for

FCC-hh and requires highest attention
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Nb,Sn is one of the major cost & performance factors for

FCC-hh and requires highest attention

Joat 4.2 K (A/mm?)

3000

2000

1000 . | ————-—,

Main development goals until 2020:

« J.increase (16T, 4.2K) > 1500 A/mm?
i.e. 50% increase wrt HL-LHC wire

« Reference wire diameter 1 mm

* Potentials for large scale production

Hig :
and cost reduction

10 12 14 16 18 20 22 24
Field (T)
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Collaborations FCC Nb,Sn program
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(G== )) Collaborations FCC Nb,Sn program

Procurement of state-of-the-art conductor for protoyping:
» Bruker-
> OST -

Stimulate conductor development with regional industry:

» CERN/KEK - contribution. Japanese industry (JASTEC, Furukawa,
SH Copper) and laboratories (Tohoku Univ. and NIMS).

» CERN/Bochvar High-technology Research Inst. — contribution.
Russian industry (TVEL) and laboratories

» CERN/KAT - industrial contribution

» CERN/Bruker— industrial contribution

Characterisation of conductor & research with universities:
» Europe: Technical Univ. Vienna, Geneva University, University of Twente
» Applied Superconductivity Centre at Florida State University

New US DOE MDP effort — US activity with industry (OST) and labs

CE/RW Future Circular Collider Study
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CERN-EU program ‘EuroCirCol’

on 16 T dipole design

# - European Union
UNIVERSITY OF TWENTE. am F=F onversiv or Horizon 2020 program

g> . tecunische . Support for FCC study

@ UNIVERSITAT
H | 654305

parmsTADT ¢ Grant agreement
Finland
‘, TUT .
L QAUT - 3MEURO co-funding
Karlsruher Imstitut fir Technologie
Unlted Kingdom
Netherlandsﬁ }ﬁ K STFC, UNILIV, UOXF

Germany .(Pﬂ. Scope:

France KIT, TUD | ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

CEA, CNRS Swnzerland

CERN \\ EPFL, UNIGE
] b @ oo, FCC hadron collider
Spain /f U « Optics Design

ALBA, CIEMAT

/f,e

HE) g':'g:ﬁi'\;g - Cryo vacuum design

« 16 T dipole design,

EuroCirCol consortium, federating 16 partners, 1 from Japan and 1 [EIO

);_\ Ciemat (E) MANCHESTER construction folder for
Energéticas, Medicambientales 1824
ALBA e - demonstrator magnets
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Eur:: Cerol

A kery 1o Maw Phy
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Cos-theta Common coils Swiss contribution

A kery 1o Maw Phy

Eur: CIFCO| Vo oom via PS|
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Cos-theta Common coils Swiss contribution

Eura:CirCol o via PS|

A ke 1o Meww Physcs
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Cos-theta Common colls Swiss contribution

Eur::CirCol

A ke 1o Meww Physcs
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Common coils  gyiss contribution

via PSI H

Canted
Cos-theta

Eur::CirCol

A key fo Mew Physics
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Com CollS  swiss contribution

via PSI H

Canted
Cos-theta

Eur::CirCol

A key fo New Physics 8

 Down-selection of options mid 2017 for detailed design work
 Model production 2018 - 2022
* Prototype production 2023 - 2025
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US Magnet Development Program

728 The U.S. Magnet
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S. A. Gourlay, S. O. Prestemon
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

A. V. Zlobin, L. Cooley
Fermi National Accelerator Laboratory
Batavia, IL 60510

D. Larbalestier

Florida State University and the

National High Magnetic Field Laboratory
Tallahassee, FL 32310

JUNE 2016

Q

U.S. MAGNET
DEVELOPMENT
PROGRAM

Program (MDP) Goals:

GOAL 1: Under Goal 1:

Explore the performance limits of
Nb,Sn accelerator magnets with afocus 16 T cos theta

dipole deS|gn

on minimizing the required operating
margin and significantly reducing or
eliminating training.

GOAL 2:

Develop and demonstrate an HTS
accelerator magnet with a self-field
of 5T or greater compatible with
operation in a hybrid LTS/HTS magnet
for fields beyond 16 T.

GOAL 3:

Investigate fundamental aspects of
magnet design and technology that
can lead to substantial performance
improvements and magnet cost
reduction.

16 T canted
cos theta
(CCT) deS|gn

" Intercepting
ribs

Conductor

GOAL 4:

Pursue Nb,Sn and HTS conductor
R&D with clear targets to increase
performance and reduce the cost of

Shrinking
accelerator magnets.

Al tube




Physics working point WW ZH tt, .,
energy/beam [GeV] 45.6 80 120 175 105
bunches/beam 30180 | 91500 | 5260 780 81 4
bunch spacing [ns] 7.5 2.5 50 400 4000 22000
bunch population [101!] 1.0 0.33 0.6 0.8 1.7 4.2
beam current [mA] 1450 1450 152 30 6.6 3
luminosity/IP x 103*cm2s? 210 90 19 5.1 1.3 0.0012
energy loss/turn [GeV] 0.03 0.03 0.33 | 1.67 7.55 3.34
synchrotron power [MW] 100 22
RF voltage [GV] 0.4 0.2 0.8 3.0 10 3.5

identical FCC-ee baseline optics for all energies
FCC-ee: 2 separate rings, LEP: single beam pipe

Future Circular Collider Study
Michael Benedikt
) RUPAC, St. Petersburg, 22 November 2016
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CC ) FCC-ee exploits lessons & recipes

from past ete-and pp colliders

o SUperB i _ LEP:
: supgﬁnzm—b ¢ - _FCC :
N . BNPot,e | K -€e high energy
107" o g e N T ‘ L Jit SR effects
5 ILE
At A e ‘ ----------------- - B-factories:
: . : = KEKB & PEP-II:
“.‘—k 33 ______________________________ i J ___________________ Al 33 H
o 10 i o cEsR . 10 high beam
R DASNE T - _ ] currents
> cieR . DORISZ  ® . Lo LEP | top-up |nject|.on
a 51 VEPP2000 - LEp LEP DAFNE: crab waist
£40% . oo B =5 111 S B | 10*
e ’ BEPC Y PETRA 5 ) .
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FCC-ee exploits lessons & recipes

from past ete-and pp colliders
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Optics design for all working points achieving baseline performance
Interaction region: asymmetric optics design

« Synchrotron radiation from upstream dipoles <100 keV up to 450 m from IP
« Dynamic aperture & momentum acceptance requirements fulfilled at all WPs
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400 MHz single-cell cavities preferred for hh and ee-Z (few MeV/m)
Baseline Nb/Cu @4.5 K, development with synergies to HL-LHC, HE-LHC

hh

= 16 cells per beam = 100 per beam = 210 per beam
(+ 100 for booster ring) q:- 210 for booster ring)/
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400 MHz single-cell cavities preferred for hh and ee-Z (few MeV/m)
Baseline Nb/Cu @4.5 K, development with synergies to HL-LHC, HE-LHC

hh

= 16 cells per beam = 100 per beam = 210 per beam
(+ 100 for booster ring) q:- 210 for booster ring)/

400 or 800 MHz multi-cell cavities preferred for ee-ZH, ee-tt and ee-WW
Baseline options 400 MHz Nb/Cu @4.5 K, 4<—p 800 MHz bulk Nb system @2K
R&D: High Q, cavities, coating, long-term: Nb;Sn like components
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400 MHz single-cell cavities preferred for hh and ee-Z (few MeV/m)
Baseline Nb/Cu @4.5 K, development with synergies to HL-LHC, HE-LHC
R&D power coupling 1 MW/cell, HOM power handling (damper, cryomodule)

hh

= 16 cells per beam = 100 per beam = 210 per beam
(+ 100 for booster ring) Q 210 for booster ring)/

400 or 800 MHz multi-cell cavities preferred for ee-ZH, ee-tt and ee-WW
Baseline options 400 MHz Nb/Cu @4.5 K, 4<—p 800 MHz bulk Nb system @2K
R&D: High Q, cavities, coating, long-term: Nb;Sn like components

= 200 per beam =~ 800 per beam =~ common 2600 cells

(+ 200 for booster) (+ 800 for booster) for both beams
+ 2600 for booster
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89 institutes
28 countries + EC
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FCC Collaboration Status

88 collaboration members + EC + CERN as host

ALBAJ/CELLS, Spain
Ankara U., Turkey

Aydin U, Istanbul, Turkey
U Belgrade, Serbia

U Bern, Switzerland

BINP, Russia

CASE (SUNY/BNL), USA
CBPF, Brazil

CEA Grenoble, France
CEA Saclay, France
CIEMAT, Spain

Cinvestav, Mexico

CNRS, France

CNR-SPIN, Italy

Cockcroft Institute, UK

U Colima, Mexico

UCPH Copenhagen, Denmark
CSICI/IFIC, Spain

TU Darmstadt, Germany
TU Delft, Netherlands
DESY, Germany

DOE, Washington, USA
TU Dresden, Germany
Duke U, USA

EPFL, Switzerland

UT Enschede, Netherlands
ESS, Sweden

U Geneva, Switzerland
Giresun U. Turkey

Goethe U Frankfurt, Germany

Future Circular Collider Study

Michael Benedikt

GSI, Germany

GWNU, Korea

U. Guanajuato, Mexico
Hellenic Open U, Greece
HEPHY, Austria

U Houston, USA
ISMAB-CSIC, Spain
IFAE, Spain

IFIC-CSIC, Spain

IIT Kanpur, India

IFJ PAN Krakow, Poland
INFN, Italy

INP Minsk, Belarus

U lowa, USA

IPM, Iran

UC Irvine, USA

Isik U., Turkey

Istanbul University, Turkey
JAI, UK

JINR Dubna, Russia
Jefferson LAB, USA

FZ Jiilich, Germany
KAIST, Korea

KEK, Japan

KIAS, Korea
King’s College London, UK

KIT Karlsruhe, Germany
KU, Seoul, Korea
Korea U Sejong, Korea

U Liverpool, UK
U Lund, Sweden

U Malta, Malta

MAX IV, Sweden
MEPhI, Russia

UNIMI, Milan, Italy
MISiS Moscow

MIT, USA

Northern lllinois U, USA
NC PHEP Minsk, Belarus
OlU, Turkey

Okan U, Turkey

U Oxford, UK

PSI, Switzerland

U. Rostock, Germany
RTU, Riga, Latvia

UC Santa Barbara, USA
Sapienza/Roma, Italy

U Siegen, Germany

U Silesia, Poland
Stanford U, USA

U Stuttgart, Germany
TAU, Israel

TU Tampere, Finland
TOBB, Turkey

U Twente, Netherlands
TU Vienna, Austria
Wigner RCP, Budapest, Hungary
Wroclaw UT, Poland

RuPAC, St. Petersburg, 22 November 2016
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G. Apollinari (FNAL)

5. Asai (U. Tokyo)

A. Ball (CERN)

A. Ballarino (CERN)

B. Barletta (MIT)

M. Benedikt (CERN)
A. Blondel (U. Geneva)
F. Bordry (CERN}

M. Boscolo (INFN LNF)
L. Bottura (CERN)

0. Brining (CERN]

0. Brunner (CERN)

Y. Cai (5LAC)

P. Camarri (U. Tor Vergata)
P. Campana (INFM LNF]
F. Casarin (INFN LNF)
P. Charitos (U. Puebla)
P. Collier (CERN]

E. Delucinge (CERN)

J. Ellis (King's College)
B. Goddard (CERN)

S. Gourlay (LBNL)

C. Grojean (DESY)

J. Gutleber [CERN]

J. Hadre (CERN)

ORGANISING & SCIENTIFIC PROGRAMME COMMITTEE:

G. Hoffstaetter (U. Cornell)
J. Incandela (UC Santa Barbara)
K. Jakobs (U. Freiburg)

P. Janot (CERN)

E. Jensen (CERN]

J-M. Jimenez {CERN)

M. Klein (U. Liverpool)

M. Klute (MIT)

R. Van Kooten (U. Indiana)
A. Lankford (UC Irvine)

E. Levichev (BINP)

. Lykken (FNAL)

M. Mangano (CERN)

V. Mertens (CERN)

B. Di Micco (U. Roma Tre)
M. Migliorati (L. Sapienza)
H. Murayama (U. Tokyo)
. Nagaitsev (FNAL)

. Nisati (INFN Roma)

- Ogitsu (KEK)

. Oide (KEK)

M. D'Onofrio (U. Liverpool)
V. Palmieri {(INFM LNL)

F. Paolucci (U. Roma Tre)
Y. Papaphilippou (CERN)

et
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Participants

168

Institutes

24

- Countries

A. Patwa (DOE)

F. Perez (ALBA-CELLS)
L. Pontecorvo (INFN Roma)
C. Potter (CERN)

Q. Qin (IHEP}

M. Rescigno (INFN Roma)
W. Rie%;er (CERN)

U. van Rienen (U. Rostock)
B. Rimmer [|LAB)

T. Raser (BNL)

L. Rossi (CERN)

D. Schulte (CERN)

M. Seidel (P5])

A. Seryi (JAl)

B. Strauss (DOE)

M. Syphers (FNAL)

L. Tavian (CERN)

R. Tenchini (INFN Piza)

D. Tommasini (CERN)

G. Tonelli (U. Piss)

P. Vedrine (CEA)

A. Weiler (TU Minchen)

J. Wenninger (CERN)

F. Zimmermann (CERN])
F. Zwirner (U. Padova)




CERN

)

NV

FCC study is advancing well towards the CDR for end 2018

Consolidated parameter sets exists for FCC-hh and FCC-ee
machines with complete baseline optics design and beam
dynamics compatible with parameter requirements

First round of geology, civil engineering & infrastructure
studies completed

Superconductivity is the key enabling technology for FCC.
The Nb3Sn program towards 16 T model magnets is of
prime importance for FCC-hh and the development of high-
efficiency SRF systems is critical for FCC-ee.

International collaboration is essential to advance on all
challenging subjects and the community is warmly
invited to join the FCC efforts.

Future Circular Collider Study

Michael Benedikt
RuPAC, St. Petersburg, 22 November 2016
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