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Hadron collider motivation:

pushing the energy frontier

 Avery large circular hadron collider seems the only
approach to reach 100 TeV c.m. range in coming decades

 Access to new particles (direct production) in the few TeV to 30 TeV
mass range, far beyond LHC reach.

 Much-increased rates for phenomena in the sub-TeV mass range

—increased precision w.r.t. LHC and possibly ILC M. Mangano

The name of the game of a hadron collider is energy reach

E Bdipole X Pbending
Cf. LHC: factor ~4 in radius, factor ~2 in field = O(10) in E_, .
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Previous studies in Italy (ELOISATRON 300km),

USA (SSC 87km, VLHC 233km), Japan (TRISTAN-II 94km)

ex. ELOISATRON — ex, SSC g
Supercolliders B~ = BOOSTER

. SUPERCOLLIDERS AND b ) '.-'Li. ...":L"" —
Superdetectors: SUPERDETECTORS . :

Proceedings of
the 19th and
25th Workshops
of the INFN

ssc C ex. TRISTAN |

Many aspects of machine design and R&D non-site specific. |
- Exploit synergies with other projects and prev. studies

Lddms W, A Bar!

ex. VLHC | - oo F. Takasaki
. Utsunomiya
unma 7 Mito2g8
VLHC Design Study Group Collaboration P ~dristan-li
June 2001. 271 pp. : ‘ option 1
Saitama
SLAC-R-591, SLAC-R-0591, SLAC-591, i
SLAC-0591, FERMILAB-TM-2149 ‘ altamay T k
http:/mww.vlhc.org/ Tokyo=2 & yzcmba

inashi
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Key challenges for hadron colliders

 High energy
= High field superconducting magnets
= Large tunnel infrastructures

* High luminosity
— Beam optics
— Beam current
= Synchrotron radiation to SC magnets
= IR shielding and element lifetime

 High stored beam energy
— Machine protection
= Beam handling
— Beam injection and dumping
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FCC-hh parameters

parameter FCC-hh LHC

energy cms [TeV] 100 14

dipole field [T] 16 8.3

#IP 2main & 2 2 main & 2
bunch intensity [101}] 1 1(0.2) 1.1 2.2
bunch spacing [ns] 25 25 (5) 25 25
luminosity/lp [1034 cm—s-1] 5 >25 1 5
events/bx 170 680 (136) 27 135
stored energy/beam [GJ] 8.4 0.36 0.7
synchr. rad. [W/m/apert.] 30 0.2 0.35
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100 km layout for FCC-hh L nj A Inji. B

(different sizes under investigation)

= Two high-luminosity K

experiments (A and G) — Long arc (L=16km,R=13km)
== Short arc (L=3.2km,R=13km)
m= DS (L=0.4km,R=17.3km)

6 short straight sections (1.4km)

2 long straight sections (4.2km)

— Two other experiments
(Fand H) EXtr. ;

L J B-coll
— Two collimation lines

o-coll

= Two injection and
two extraction lines

Orthogonal functions for each
Insertion section |
H F
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Alignment Shaft Tools Geology Intersected by Shafts Shaft Depths

Shaft Depth (m) Geology (m)

Point Actual Man Moan Max Quatemary Molasse Urgonian Calcaire

LHC Intersection
Angle
Depth

Ahgnment Profile

* 90 — 100 km fits geological situation well,

» LHC suitable as potential injector
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Several choices 100 km intersecting

« SPS -> LHC -> FCC e
. SPS -> FCC

* SPS -> FCC booster -> FCC

L=4.0 km
D_theta = 29deg
DZ=64m

Current baseline injection NS
energy is 3.3TeV -

/ L=4.0 km

D_theta = 131deg
DZ=110m

B. Goddard at al.
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Injection from SPS/LHC tunnels

10.0
__sspeyy  B-Goddard atal.
——LHC [TeV]
9.0 _ HEB [TeV]
low high
80 | NC/SF SC Nb-Ti o SC Nb;-Sn

7.0

®® New magnets Maximum for existing

LHC

5.0

Faster ramping of
LHC magnets

4.0

Extraction energy [TeV]

3.0

0 \
10 Probably slow to
Interesting upgrades ramp
0.0
0.0 . . . 4.0 5.0 6.0 7.0 8.0 9.0 100 11.0 120 13.0 140 150 160

Main dipole field [T]

Exists
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Magnet Design

Increase critical current density Develop 16T short models

Obtain high quantities at Field quality and aperture
required quality Optimum coil geometry
Material Processing Manufacturing aspects
Reduce cost Cost optimisation
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Nb3Sn T=45K

0 5 10 15 20
BinT

@ 5400 mm? 3150 mm?
- NN

' T ~1.7 ti i T Y

Nb-Ti Ditterent |||||||l|h ||||f |||||| [ 1.7 times i

. technology L less SC mom

Not possible an e N > I

~10% margln ~10% margin

HL-LHC FCC ultimate
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20 - Design examples (one quarter coil) 20 -
20 A (L. Rossi, E. Todesdco, P. Macintyre ) ./,O
60 60 Nb.Snfj Nb:Sn
%“50 Nb,Sn ’gso
i40 | ‘S"-l(l | HTS Nb.Snf| Nb-Ti
30 - 30 -
20 20
10 | bea 10 | bea IITS _\]b:ﬁﬂ Nb'T]
pipe pipe
1 T T T T 0 I T T T |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
v (mm) Vv (mm)
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Combination of materials used to reduce cost
Different designs are being explored for FCC
A recent test AT CERN has achieved world

record of 16.2T
» But a short racetrack magnet



FCC magnet technology program

Main Milestones of the FCC Magnets Technologies
Description 15 2016 2017 2018 2019 2020 21

High J_ wire development with industry ............
Supporting wound conductor test program ............
HEER

Design & manufacture 16T ERMC with existing wire

Design & manufacture 16 T RMM with existing wire ....
Procurement of 35 km enhanced wire

Design & manufacture 16T demonstrator magnet .....

Procurement 70 km of enhanced high J_. wire .....

EuroCirCol design 16T accelerator quality model -........

Manufacture and test of the 16 T EuroCirCol model

ERMC (16 T mid-plane field) RMM (16 T in 50 m cavity) Demonstrator (16 T, 50 mm gap)
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8GJ stored energy / beam
«  Airbus A380 at 700km/h

24 times larger than in
LHC at 14TeV

Can melt 12t of copper
Or drill a 300m long hole
Machine protection ;

Beam dumping ——
(1 LHC bunch @ 7TeV)

Any beam loss important " A

E.g. beam-gas scattering, Test 2
non-linear dynamics (Onset of Damage)

Test3
C h . (S (72 SPS bunches) |
an quench arc magnets 3 TN\
Background for the ,. : \ Q
experiments > 3 N : \ ,

Activation of the machine
Collimation system

’
Transfer and injection 1‘
| l‘ ‘\
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Total power of background events Shield (TAS)

X [cm]

100-500kW per experiment 3
« Car or truck engine —
Already limit in LHC and HL-LHC —
- Magnet lifetime, heat load |
° 4000
Dose for

Study of 3000fb in older FCC-hh  3000fp2
detector design

Goal: survive at least 5000fb!
« One 5-year run 30MGy=
Current limit

5/10/15/20 mm shielding, peak dose [ MGy ]

50 | =

6000

7000 8000 9000 10000

Distance from IP [cm]

peak dose profile, per 3000 fb!

Shielding

5mm shielding —=—

10mm shielding +—=—i 5 m m

15mm shielding =1
20mm shielding

10mm
15mm
20mm
L

;

M. |. Besana, F. Cerutti, et al.
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Vary crossing scheme to distribute damage (S. Fartoukh)

30

-
o

M. |. Besana, F. Cerutti, et al

10
Ql 8 8
% 6 = P 25
77777777777777777777777777777777 4 20 4 20
2 g 2
' g 2 15% § o 15
2 s ” -2
Q1b 4 T4 °
6 -6
Qla . 5 . 5
-10 0 -10 0
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -10 8 6 4 -2 0 2 4 6 8 10 -10 8 6 4 -2 0 2 4 6 8 10
x[cm] x[cm]
Longer triplet with more aperture to better
shield/spread radiation Improvements in radiation hardness
| Q1 Q2 Q3
o, T
i A. Langner et al. Need to pUSh hard to

~110m .
gain small factors

T = = = T T am— T T — — — v
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beam dump considerations

8GJ kinetic energy per beam

Simulation show that the full FCC
beam will penetrate ~ 300 meter
in Copper, assuming no dilution.

—> Dilution absolutely required!
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Hydrodynamic tunneling F. Burkart et al.

Time = 1250 ns

Temperature (K) 120016

N
o

-
o

|
'y
o

E
L
3
[4}]
5 oL —
(]
@
=]
c
=
O

I
N
o

|

100 200 300 400
Cylinder Length {cm)

Mo _° .~

18



beam dilution system

F. Burkart et al. |
2.5 km dump L
line 08t
04
02
0_
1.4 km dump insertion 2.8 km collimation Lol
insertion A
Kicker Septum | 10 mrad Dilutio Absorb i 4
bend n er 08 *\_v_" o

A. Lechner, P. Garcia

Horizontal and vertical kicker system as in the LHC Fluka studies of required pattern:
- ~300 m, ~150kickers, to be optimized * Bunch separation > 1.8 mm

. Large magnet apertures required towards dump ~ ° Branch separation: 4 cm
 Keeps T<1500°C

« Require up to 80cm radius ij
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Synchrotron radiation/beam screen

Cooling tube

High synchrotron radiation load " atachment welds'
(SR) of protons @ 50 TeV: _—

Longitudinal weld

~30 W/m/beam (@16 T)
> 5 MW total in arcs (LHC <0.2W/m)

Cooling tube
Beam screen tube

Sliding ring

New type of ante-chamber “Sewteatt LHC beam screen

. . . Copper layer
absorption of synchrotron radiation
avoids photo-electrons, helps vacuum

61.
61.
60.
59.

B 59.
58.
57.
57
56.
55.
54.

’ 54,
53.
52.
52.
51.

Heat transport |

R. Kersevan, C. Garion, L. Tavian, et al.
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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

___ 3000 Ph. Lebrun
§ Tcm=1.9 K, 28.4 W/m L. Tavian
@ :
5 2200 Tcm=1.9 K, 44.3 W/m V. Baglin
Q.
S =
E 5000 Tcm=4.5 K, 28.4 W/m
300MW = i Tcm=4.5 K, 44.3 W/m
® 1500 \\
(<5)
.80
200MW = 3
= 1000
=]
100MW S 500
(= B
=
= 0 =
o] 5 10 150 200
Beam-screen temperature, T  [K]

Multi-bunch instability growth time: 25 turns 9turns (AQ=0.5) ——
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FCC-hh luminosity goals & phases

« Two parameter sets for two operation phases:

 Phase 1 (baseline): 5 x 103* cm=s-1 (peak),
250 fb-t/year (averaged)
2500 fbt within 10 years (~HL LHC total luminosity)

 Phase 2 (ultimate): ~2.5 x 103> cm-=s-1 (peak),
1000 fb-t/year (averaged)
= 15,000 fbt within 15 years

* Yielding total luminosity O(20,000) fb-!
over ~25 years of operation
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arXiv:1504.06108v1 [hep-ph] 23 Apr 2015

LUMINOSITY GOALS FOR A 100-TEV PP COLLIDER

Ian Hinchliffe** Ashutosh Kotwal®?l Michelangelo L. Mangano®! Chris Quigg?$ Lian-Tao Wang® !

¢ Phyiscs Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA

b Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
Duke University, Durham, North Carolina 27708, USA

¢ PH Department, TH Unit, CERN, CH-1211 Geneva 23, Switzerland

¢ Theoretical Physics Department, Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510 USA
Institut de Physique Théorique Philippe Meyer, Ecole Normale Supérieure
24 rue Lhomond, 75231 Paris Cedex 05, France

¢ Department of Physics and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637 USA

April 24, 2015

Abstract

We consider diverse examples of science goals that provide a framework to assess luminosity
goals for a future 100-TeV proton-proton collider.
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luminosity evolution over 24 h

[luminosity [1034 Cm'zs"] radiation damping: t~1 h

| ‘ i for both
251 § § | A " phases:
201y | f \ beam current
5 05A
unchanged!
10
phase 1 total
S5 | C— |  — synchrotron
| — | | I - radiation
0 — : power ~5 MW.
0 S 10 15 20 time [h]

phase 1: f*=1.1 m, AQ,,=0.01,t_=5h
phase 2: *=0.3 m, AQ,,=0.03, t,;=4 h
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=), Integrated luminosity / day
integrated luminosity [fb~']

8 |

6 |

0 S 10 15 20 time [h]
phase 1: f*=1.1 m, AQ,=0.01, t,;=5 h phase 2: B*=0.3 m, AQ,,=0.03, t,.=4 h
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FCC study continues effort on high-field collider in LHC tunnel

2010 EuCARD Workshop Malta;
Yellow Report CERN-2011-1

EuCARD-AceNet-EuroLumi Workshop

Villa Bighi, Malta, 14-16 October 2210

. basd on 16-T dipoles developed for FCC-hh

EuCARD-AccNet-
EuroLumi Workshop:
The High-Energy
Large Hadron Collider
- HE-LHC10,

E. Todesco and F.
Zimmermann (eds.),
EuCARD-CON-2011-
001; arXiv:1111.7188;
CERN-2011-003
(2011)

« extrapolation of other parts from the present (HL-)LHC

and from FCC developments
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Conclusions

« FCC-hadron collider design is being developed as option for
future flagship project at CERN for the world-wide high energy
physics community.

— Goal is to have CDR ready for European strategy update (2018)
— https://indico.cern.ch/category/5153/
— Workshop in Rome April 11-15, 2016

« Work is progressing in all relevant areas
— Exciting technological challenges
— EXxciting beam physics
— EXciting physics

* Your contributions are most welcome
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