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A Future Circular Collider Study

+~ COLLIDER

launched 1n 2014

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

* pp-collider (FCC-hh)
- defining infrastructure
requirements

~16 T = 100 TeV pp in 100 km
g Schematic of an

 80-100 km infrastructure . 80-100 km
in Geneva area g long tunnel

« e*e collider (FCC-ee) as
a possible first step

* p-e (FCC-he) option, HE-
LHC ...
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smes FCC CDR and Study Documentation

o ST * FCC-Conceptual Design Reports

@ Pecopsioed b ogean Pryvce St
Particles and Fields Special Topics (co m p I etEd in 20 18) ;

o e e * Vol 1 Physics, Vol 2 FCC-ee, Vol 3 FCC-hh, Vol
4 HE-LHC

* CDRs published in European Physical
Journal C (Vol 1) and ST (Vol 2 - 4)

EPJ C79, 6 (2019) 474 , EPJ ST 228, 2 (2019) 261-623
, EPJ ST 228, 4 (2019) 755-1107 , EPJ ST 228, 5 (2019)

e 1109-1382
a ‘\X\)\V Special Topics
T HE-LHC:TheHighEnergyLargevH‘a:el;z:\iiI‘:‘i:Ifr o
L EEEEEE Summary documents provided to
e~ EPPSU SG

* FCC-integral, FCC-ee, FCC-hh, HE-LHC

* Accessible on http://fcc-cdr.web.cern.ch/



https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://link.springer.com/article/10.1140/epjst/e2019-900088-6
http://fcc-cdr.web.cern.ch/

FCC-hh (pp) collider parameters

parameter

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 [um] 2.2 2.5 3.75
peak luminosity [1034 cm2s-1] 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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\__ CSiliver FCC-hh: performance

1E+36 l order of magnitude performance
'f_l_'| F(—w(—«_l ] - . . .
T 1E+3S /1 1h increase in energy & luminosity
= _— e 100 TeV cm collision energy
- / | (vs 14 TeV for LHC)
'm 1E+33 ]
e ® Tevatrdn 20 ab! per experiment collected over 25
R= ® ISR ® RHIC .
g 1E+32 years of operation (vs 3 ab™! for LHC)
=
~ 1E+31 w imi i
fcg ® $ops _T_lmllfr pirfcjl_r:z:ance increase as from
& 1E30 evatron to

0.01 0.1 ! 10 100 1000key technology: high-field magnets
c.m. energy [TeV]
from
LHC technology via

8.3 T Nb-Ti

7

D

FNAL
¥ demonstrator
_ 14.5T Nb3Sn
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ity 16 T dipole design activities and options

. Swi
Eur::CirCol es

A kay 1o Mew Physics Contribution

Canted
Cos-theta

Cos-theta

Common coils

FNAL

Short model magnets (1.5 m lengths) will be built until ~2025



/~ \ FUTURE

gty High Field Magnet program goals until 2027

100000 | Develop_n_1ent of robust and
cost-efficient processes
10000 | LHC 1. Develop Nb;Sn magnets for collider-scale production,
—_ Robust Nb;Sn s . :
£ through robust design, industrial processes and cost reduction
= 1000
o
=
<
o 100
§ 2. Demonstrate Nb;Sn full
£ HL-LHC A potential in terms of
® 10 /) ultimate performance
(o] |
'— /
1 Fresca2 '\, L A Ultimate Nb;Sn  Expforation of
MDPCTH »A HTS new concepts
and technologies 3. Provide a proof-of-principle
0.1 for HTS magnet technology
5 10 15 20 25

Bore field (T)
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sy Worldwide FCC Nb,;Sn program

Main development goal is wire performance

increase: "‘ dl‘rll |||||‘I|[ |I||l| ik ||||||| ||||||||F il
I

- J. (16T, 4.2K) > 1500 A/mm2 50% increase rimes VI TE

Wit HL-LHC wire |||||!|!|' W e WM W I'lg!m
» Reduction of coil & magnet cross-section | .."!" |||||| |||||||||. L A ||_||||| |||||||’l i
| ~10% margin HL- LHC ~10% margin FCC ultimate

After 1-2 years development, prototype Nb;Sn
wires from several new industrial FCC partners

already achieve HL-LHC J_ performance FCC conductor development
4000 JASTEC 0.7 mim collaboration:
3500 = = HL-LHC0.85 mm RRP * Bochvar Institute (production at TVEL), Russia
. — - =HL-LHC 0.85 mm PIT -
~ o e KATO.7 mm * Bruker, Germany, Luvata Pori, Finland
__ 3000 O - = P ° Eocpvar//x& (1)-3 mm * KEK (Jastec and Furukawa), Japan
E 2500 ST el Y © 2017+ JASTEC 0.8 * KAT, Korea, Columbus, Italy
> 2000 TSN S~ -FCC Target . Unlve.r5|ty of.Gen.eva, vafltzerland .
- ~—— - _ * Technical University of Vienna, Austria
1500 T ..."', - : * SPIN, Italy, University of Freiberg, Germany
1000 :
500
11 12 13 14 15 16
Field (T)

2019/20 results from US, meeting FCC J_ specs:

* Florida State University: high-J_ Nb;Sn via Hf addition

* Hyper Tech /Ohio SU/FNAL: high-J. Nb,Sn via artificial
pinning centres based on Zr oxide.
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s US — MDP: 14.5 T magnet tested at FNAL

Bore field (T)

14

13 1

12

11 1

10

|
° 1.9K | 4.5K
I

e ® 84% on the load line at 1.9 K
92% on the load line at 4.2 K

T T T T T T T T T
2 4 6 8 10 12 14 16 18
Quench number

20

60-mm aperture
4-layer graded coill

100% SSL  87% SSL
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« 15T dipole demonstrator
» Staged approach: In first step pre-stressed for 14 T

« Second test in June 2020 with additional pre-stress
reached 14.5T
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sy FCC implementation - footprint baseline

Geology

I Quaternary B  Molasse
B Wildflysch Limestone
P Molasse Subalpin B Prealps

Shafts: A, B, C, ...

Lake Geneva

o w - - [+ o] w W B B W w [=2] [=2] ~ ~ @ =] [<=]
=4 b S o S o S & S o S o S o =l o S o S
o o o o o o o (=) o o o o o [=] o [=] o

Current baseline position based on:

 lowest risk for construction, fastest and cheapest
construction

« feasible positions for large span caverns (most
challenging structures)

« 90-100 km circumference

« 12 surface sites with few ha area each
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" Coitioer FCC-hh layout

» Two high-luminosity experiments (A & G) L DS

mmm |_sep

mmm | grc

» Two other experiments combined with Exp
injection (L & B) Inj. + EXF’ '”J + Exp.

* Two collimation insertions 1 4 km
 betatron cleaning (J)

« momentum cleaning (F) J || Bcol  «— 58Kkm —» extraction L D

 Extraction insertion (D)
« Clean insertion with RF (H) 1 4 km
« Compatible with LHC or SPS as injector 5- coII

circumference: 97.75 km
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sy FCC consistent machine layouts

FCC-ee 1, FCC-ee 2,
FCC-ee booster (FCC-hh footprint)

“Middle straight”

~1570 m
V7

0.8 m

- Common

R
. “90/270 straight’ | [
ction ~4.7 km
L

200, /100

| 1110 | 870 |

Optics solutions for full ring for both machines available
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e High-luminosity interaction regions

R. Martin FCC-hh interaction region optics

» Essential input: size of experimental cavern (determines the minimum
distance IP first triplet quadrupole)

15 - -
g0 4 -
h - -
5 -
F d -
o TR EEENE Bt SR
0 5 10 15 20 25 30 35 40 45
s [m]
* Insertion layout H. Da Silva, W. Riegler
r \
Triplet Matching section
'_— s N
T M
| [
e - / L. 7
Separation Dispersion suppressor
I 1 1 I I 1 1
0 200 400 600 800 1000 1200

Distance from IP [m]



FUTURE

e High-luminosity interaction regions

R. Martin FCC-hh interaction region optics

T LT - T High-luminosity optics

70 3.5
60 - ﬂ m g: L 50 for 3*=30 cm
D, | ,. /0 km beta peak!
50 A '
- 20 E
'E 40 A g
= - 15 &
=30 A &
- 1.0 A
20 - \1 j
- 05
10 - |
- 0.0
A \ N\ 5 o . . . .
0 ' ' ! ! ! ¥ unsplit, 20 mm shielding
—~1000 —~500 0 500 1000 0 1 1 split, Qla 1
Distance from IP [m] 35 | Spllt,QQlib ot |
Energy deposition in the Q1 due to luminosity 500 I
: 2 05 | |
debris has to be tackled 5
kiy < kg 3 20 | |
d-lg 15 - -
10 | -
5 | -
0
35 40 45 50 55

Distance from IP [m)]
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\__ " SO\iioes| Collimation system

* Roles of collimation system: clean unavoidable regular losses, passive machine
protection, optimize background and radiation dose

» At the same time, keep the impedance within limits

« Collimation system is hosted in two insertions: one for betatron.4&
momentum-collimation
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\__ " SO\iioes| Injection system

A. Chmielinska, FCC-hh Injection and Extraction

« Combined with side experiments (IPB and IPL) L . A
— 1.4km, ~0.7km for injection  m— —-...;_
 Baseline: Injection from HEB (LHC) at 3.3 TeV | Exp.
. : Inj. + Exp. In] + Exp.
» 1.3 TeV option studied as well \
* Double plane injection
540 mm
Vertical
540 mm Septum
\\.“\ Kicker
Horizontal *I &kl‘\
"'90deg M. Hofer
MmsI MKI TDI
|
L I|| T F'I'W
Septa Kicker o i
(nc Lamb.) 1000 — i o
System Length [m] 104 40 _ 0 4 £
Deflection [mrad/Tm] 9.8/92 0.18/2 R | gl
Number of Modules 21 18 :: | )
Flux Field [T] 0.7-1.2 0.062 MY

0 =1
I I R I I I P T R P P P N R
B - QO B - Q- . . B . . & b . Sl h Q- Q- Q- Q- Q- Q- Q- Q- b
R R O R I O S R O M Rt

s [m]
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\__ " SOliioer| Extraction system

A. Chmielinska, FCC-hh Injection and Extraction

 IPD, 2.8 km for extraction of both beams
« 2.5 km dump line with dilution kicker system to create sweep pattern at graphite
beam dump - ‘.
» Design mainly driven by machine protection _
- Safely extract 8.5 GJ beam JIIEeol e 28km — eXtraCtlonH‘tD
» Reduce failure probabilities
» Avoid downtime in case of failure

(4 T). Total system length ~70m
« Septa Layout requires single plane extraction

kickers)

— dx
W. Bartmann

Im Hor envelope
Ver envelope

1200 1600 2000 2400 2800 3200 3600
Longitudinal position in [m]
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- Overall layout and placement
optimisation process across both host

FUTURE

SOLLIDER| Collider placement optimisation

states

- Following the "avoid-reduce- 7 YAEe s e
compensate” directive of European and 4242 // A
French regulatory frameworks 178 L b

- Process integrates diverse
requirements and constraints:

2
/

Saint-Julien-en-Geneyois,

performance permitting world-leading
scientific research

technical feasibility of civil engineering and
subsurface constraints

territorial constraints on surface and
subsurface

D910 IYa Mandallaz ] \

nature, accessibility, technical infrastructure,
and resource needs & constraints

economic factors including development of Collaborative effort of technical experts at
benefits for, and synergies, with the regional CERN, consultancy companies and
developments government notified bodies
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FCC-ee symmetr

- The search for optimal placement 3670
implies analysis of different layouts and 25500
geometries:

- Different length of the insertions

« Change in arcs (number of cells and cell
length).

- For a limited number of promising
candidates optics should be computed
to ensure feasibility.

3350

- Compatibility with FCC-ee layout should
be ensured: four IPs has implications
on FCC-hh layout and geometry.

« Review functionalities of insertions

- Review transfer lines (geometry, injection
point).

In case transfer lines should be installed
- Look for the possibility of integrating part ~ in the main ring tunnel changes should
of the transfer lines in the ring tunnel. be studied, e.g. new geometry of the
cryogenic jumpers or increased tunnel
Cross section,
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Layout optimisation of high-luminosity

« CDR
« FCC-hh footprint compatible with
FCC-ee injector

CIRCULAR
COLLIDER . .
Insertions
T -r/--ﬂ
[ 7]
5t~ .
é Oi_ ________________ -
- i d hh f i 1
o _5._ propose ootprint . FCC-M_:
- —FCC-e- | 4
s FCC-o+| J
-10H .
_15:L.L.4“ 1 Ll L
-1000 -500 0 500 1000
Gy (m)

baselinefootprintfrom K. Oide

* Implementation of an improved layout
with FCC-ee and FCC-hh IPs with
same transverse positions

« Advantages

 Size of detector cavern reduced

» Possibility to re-use FCC-ee detector
for FCC-hh

« Tunnel width reduced over 2 x 500 m

E

local geometry of hh and e+ around IFPA

716110 T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T
{0 (I D (00 (00 (I (00 m m old m m nfnlinfin @i
X [T 0TI [T I 0070 00 (IDIm [m new inii} [T (00 (00 (00 (00 (000 (0 /"
715115 L < = = <z s, = /,
DS D2-D1 D1-D2 DS )/
15120 —
15125 — ]
15130 |- ]
15135 |- —
15140 L ]
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e A combined-function optics for FCC-hh?

» The use of combined-function (dipole-quadrupole) might be an interesting option for
FCC-hh.
» Possible advantages
* Increase filling factor
« Simplify production (a single magnet type for the arcs)

Nominal FCC-hh FODO cell FCC-hh combined-function cell
—~ 400 T T T T T T T T T 2.50 o 400 . . . . . . . . . — 250
\S:\ 1 X y x -_ 2 25 \S' i [?)x [3\' Dx F
<350 - o S 350 g 220
S ' L 2.00 L L 2.00
= 00 ' 300 4 [
_ L 1.75 | L 1.75
250 - L 150 250 - L 150
200 1 L7125 200 | L 125
150 - r 1.00 750 - 1.00
] L 0.75 ] - 0.75
100 - ! 100 - _
- 0.50 L 0.50
50 L 025 50 - - 0.25
0 T T T T T T T T T 0 0 T T T T T T T T T B 0
0 50 100 150 200 250 0 40 80 120 160 200

s (m) s (m)
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e A combined-function optics for FCC-hh?

« Some advantage of the combined-function cell with respect to the FODO one in
terms of optical parameters.
« Marginal increase in the strength of the chromatic sextupoles.
* No issue for designing superconducting combined-function magnets (already in use
iIn JPARC transfer lines, and will be used in D2 separation dipoles in HL-LHC).
* Next steps
 Study dispersion suppressor
 Study correctors systems for combined-function cell in view of modularity

a0 Ratio of optical functions . Ratio of strength of chromatic sexrtupoles
115F — Ratio B ----- Ratiofp _ Ratio @ Ll ﬂi
— RatioDg  ----- RatoDp, ' /
1.10} 1 e
1.05] -"----“-"""""===============:_===_
1.00 ]
0950 @0 o~ @ T e Ratio Kp (Q=2) — Ratio K (Q'=2)
----- Ratio Kp (Q=6) — Ratio Kg (Q=6)
0.90+
----- Ratio Kp (Q=10) — Ratio Kr (Q'=10)
0.85[ ]
880 0.1 0.2 0.3 0.4 05%6.0 0.1 0.2 0.3 0.4 0.5
Ho He

2rn 27T
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\__ " SouliEr| Outlook

* A sound baseline for FCC-hh ring exists (heavily driven by LHC
design).
* We are from the time of any concrete decision. Therefore:
« Consolidate, e.qg.
» Keep the ring layout synchronous with
rng
« Optimise, e.g.

* Numerica o Include synchrotron radiation effect (tracking
with nonlin IC imperfections and synchrotron radiation). Strong
synergy wit -ee activities!

* High-field magnets technology

« Advanced beam screens (HTS coatings, see next talks)

* Novel materials for collimator’s jaw

« Halo manipulation (crystal collimation, Hollow Electron Lens)

* Nonlinear beam manipulations

* Novel optics concepts
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Thank you for your attention!



