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- LHC recall in few slides

- Run 2 (from LS1 to LS2) = 13-14 TeV
- Run 2 and Run 3 = 300 fb1

- High Luminosity LHC project = 3’000 fb-1

- Post-LHC machines:

World studies
Future Circular Colliders = towards 100 TeV

- Conclusion
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LHC (Large Hadron Collider)

14 TeV proton-proton
accelerator-collider built in
the LEP tunnel

Lead-Lead (Lead-proton) collisions

1983 . First studies for the LHC project

1988 . First magnet model (feasibility)

1994 . Approval of the LHC by the CERN Council

1996-1999: Series production industrialisation

1998 . Declaration of Public Utility & Start of
civil engineering

1998-2000: Placement of the main production
contracts

2004 . Start of the LHC installation

2005-2007: Magnets Installation in the tunnel
2006-2008: Hardware commissioning
2008-2009: Beam commissioning and repair
2010-2035: Physics exploitation
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LHC:

technological challenges

The specifications of many systems
were over the state of the art.

Long R&D programs with many
Institutes and industries worldwide.

-The highest field accelerator magnets: 8.3 T (1232 dipole magnets of 15 m)
- The largest superconducting magnet system (~10°000 magnets)

-The largest 1.9 K cryogenics installation (superfluid helium, 150 tons of LHe to cool
down 37°000 tons)

-Ultra-high cryogenic vacuum for the particle beams (10-3 atm, ten times lower than
on the Moon)

- The highest currents controlled with high precision (up to 13 kA)
- The highest precision ever demanded from the power converters (ppm level)

.A sophisticated and ultra-reliable magnet quench protection system
(Energy stored in the magnet system: ~10 Gjoule, in the beams > 700 MJ)
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Energy management challenges

Energy stored in the magnet system: ~10 GJoule

10 GJoule = flying 700 km/h

88’000 tons

720 MJ [ 6 10 protons (1 ng of H+) at 7 TeV ]
700 MJoule dissipated in 88 us
700.106/88.106 =8 TW

World Electrical Installed Capacity
=~3.8 TW

LHC & Future High-Energy Circular Colliders .
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LHC 2010-2012: arich harvest of collisions

CMS Integrated Luminosity, pp

2 ~30 fb!

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Nobel Prize in Physics 2013
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The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert
and Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider”.



Long Shutdown LS1 from Feb. 2013 to Mar. 2015

M Physics B Shutdown
Beam commissioning - Powering tests

» Prepare the LHC for Operation at Mo  Meoos  Baspoons o
Nominal Energy
» Consolidate and Upgrade the LHC

and Injector performance i
» Major Maintenance Programme
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First circulating beams in LHC on Easter Sunday
5th April 2015
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First beam at 6.5 TeV! (10t April)
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First beamsS at 6.5 TeV! (12t April)

LHC Pagel Fill: 3612 E: &500 GeV 12-04-15 12:53:48

BEAM SETUP: RAMP
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LHC experiments are back in business at

a new record energy 13 TeV N\ ==
31 June 2015 [ ]

SCATLAS

A EXPERIMENT

5 RN

7N
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2015 LHC Luminosity
ATLAS
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2015 LHC Integrated Luminosity

= The initial projections of integrated luminosity for 2015 were ~ 8-10 fb-L.
= Achieved ~ 4.3 fb-L.

= Slope at the end of the run better than in 2011, and close to 2012 slope
(last week of operation > 1 fb-1)

— 25
2 L
. > B
The main reasons for the @ a0
lower value: g F
E [
- Star.t-up. .del_ays (~4 wgel_<s), o 15
- Availability issues (radiation £ [
failures on the quench > L
protection tunnel £ 0
electronics; solved after n
TSZ), 5_—
- Electron clouds mitigation -
o

02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
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2015 LHC Machine availability |,

Statistics for 25 ns run from
September 7t to November 3™

O LHC Downtime [h] B System Downtime [h]

SIS Downtime, 427 h, 31 %

Magnet circuits
Collimation

Controls

Beam Losses
Operation

Vacuum

Machine Protection System
Beam Injection
Quench

Experiments

Other

Injection Systems
Access System

Radio Frequency
Technical Services
Beam Instrumentation
Transverse Damper
LBDS

QPs

Injector Complex

Power Converters —

Cryogenics
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LHC cryogenic availability
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Technical stop and YETS (Year End Technical Stop)
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LHC goal for Run 2 and 3

Integrated luminosity goal:

Run2: ~100-120 fb-1
~ 300 fb-1 before LS3
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Why High-Luminosity LHC ? (LS3)

2 High
Luminosity
# LHC IntL (fbA-1) W HL-LHC IntL (fbA-1) 4 I_HC !
3500
o N G impiementing HL-LHC
. --. A
2000 .l Almost a factor 3
1500 H \
1000 | a ****f* amd By continuous
P performance improvement
200 1 ot + 9 and consolidation
W OPPPRL 24 . -
2010 2015 2020 2025 2030 2035 ArOund 300 fb—l the
present Inner Triplet
Goal of HL-LHC project: magnets reach the end of
e 250 — 300 fbl per year their l_JsgfuI life (due to
e 3000 fbtin about 10 years radiation damage)

and must be replaced.

o~ LHC & Future High-Energy Circular Colliders

\ Frédérick Bordry
S JUAS 2016- European Scientific Institute - Archamps - 19th January 2016




( \

Euanpean Strategy
AMC

The European Strategy for Particle Physics

Update 2013
g Near-term & Mid-term High-energy Colliders

.‘r.l.

Europ\

the L| LARGE HADRON COLLIDER

detect * The HL-LHC is strongly supported and is the first high-priority large-category project
in our recommended program. It should move forward without significant delay to

initial ensure that accelerator and experiments can continue to function effectively beyond

provi d the end of this decade and meet the project schedule.

* Recommendation 10: Complete the LHC phase-1 upgrades, and continue the strong
the qu collaboration in the LHC with the phase-2 (HL-LHC) upgrades of the accelerator and
both general-purpose experiments (ATLAS and CMS). The LHC upgrades constitute
our highest-priority near-term large project.

HL-LHC from a study to a PROJECT
300 fbt — 3000 fb!

including LHC injectors upgrade LIU

(Linac 4, Booster 2GeV, PS and SPS upgrade)

LHC & Future High-Energy Circular Colliders
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Goals and means of the LHC
Injectors Upgrade: LIU project

Increase intensity/brightness in the injectors to match
HL-LHC requirements

= Enable Linac4/PSB/PS/SPS to accelerate and manipulate higher intensity
beams (efficient production, space charge & electron cloud mitigation,
impedance reduction, feedbacks, etc.)

= Upgrade the injectors of the ion chain (Linac3, LEIR, PS, SPS) to produce
beam parameters at the LHC injection that can meet the luminosity goal

Increase injector reliability and lifetime to cover HL-LHC run (until
~2035) closely related to consolidation program

= Upgrade/replace ageing equipment (power supplies, magnets, RF...)
= Improve radioprotection measures (shielding, ventilation...)

LHC & Future High-Energy Circular Colliders . .
C\w Frédérick Bordry Courtesy of Malika Meddahi ,,
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LS2 : (2019-2020), LHC Injector Upgrades (LIU)

LINAC4 — PS Booster:

— H-injection and increase of PSB injection energy from 50 MeV to 160 MeV, to
increase PSB space charge threshold ;

— New RF cavity system, new main power converters
— Increase of extraction energy from 1.4 GeV to 2 GeV

PS:
— Increase of injection energy from 1.4 GeV to 2 GeV to increase PS
space charge threshold
— Transverse resonance compensation
— New RF Longitudinal feedback system
— New RF beam manipulation scheme to increase beam brightness

SPS
— Electron Cloud mitigation — strong feedback system, or coating of the vacuum system

— Impedance reduction, improved feedbacks B — Heows — Bisowns o
— Large-scale maodification to the main RF system

These are only the main modifications
and this list is far from exhaustive
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Goal of High Luminosity LHC (HL-LHC):

The main objective of HiLumi LHC Design Study is to determine a hardware
configuration and a set of beam parameters that will allow the LHC to reach the
following targets:

Prepare machine for operation beyond 2025 and up to 2035-37

Devise beam parameters and operation scenarios for:

#enabling a total integrated luminosity of 3000 fb-1
#implying an integrated luminosity of 250-300 fb-! per year, >
#design for p ~ 140 (~ 200) (= peak luminosity of 5 (7) 1034 cm-2s-1)

#design equipment for ‘ultimate’ performance of 7.5 1034 cm—?s
and 4000 fb-?

=> Ten times the luminosity reach of first 10 years of LHC operation

LHC & Future High-Energy Circular Colliders
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CERN

LHC Upgrade Goals: Performance optimization

Luminosity recipe :

XN, X X x
L:nb N, Ng@ﬁev xF(f, b,es )
dpxb xe
=>» 1) maximize bunch intensities => Injector complex
=>2) minimize the beam emittance LIU < IBS

=>3) minimize beam size (constant beam power); => triplet aperture
=>4) maximize number of bunches (beam power); =»25ns
=>5) compensate for ‘F’; =>» Crab Cavities

=>»6) Improve machine ‘Efficiency’ => minimize number of
unscheduled beam aborts

LHC & Future High-Energy Circular Colliders
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Luminosity Levelling, a key to success

* High peak luminosity

* Minimize pile-up In
experiments and provide
“constant” luminosity
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The HL-LHC Project

4C PROJECT g n UNDERGROUND

CERN
N/ S

New IR-quads Nb;Sn
(inner triplets)

New 11 T Nb,Sn
(short) dipoles

Collimation upgrade
Cryogenics upgrade
Crab Cavities

Cold powering
Machine protection

Major intervention on more than 1.2 km of the LHC
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Squeezing the beams: High Field SC Magnets

Quads for the inner triplet |,  Feldprosressinaccelerator magnets
Decision 2012 for low- quads | e
Aperture & 150 mm - 140 T/m 2 b
(Bpeak =12.3 T) - \ o - -

6 HERA -~~~ # Field (1)
(LHC: 8 T, 70 mm) T W

=

SPS & Main Ring (resistive)

More fOCUS Strength’ u1975 19:85g 19I95 ZD.IJ-S 2015 ear
B* as low as 15 cm (55 cmin LHC) Y

thanks to ATS (Achromatic Telescopic Squeeze) OpticS
In some scheme even £* down to 7.5 cm are considered

- Dipoles for beam recombination/separation

capable of 6-8 T with 150-180 mm aperture
(LHC: 1.8 T, 70 mm)

- Dipoles 11 T for extra collimators
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Squeezing the beams: High Field SC Magnets

Quads for the inner triplet
Decision 2012 for low-8 quads
Aperture @ 150 mm — 140 T/m
(Bpeak =12.3 T)

operational field, designed for 13.5 T

=> Nb,Sn technology

(LHC: 8T, 70 mm)

Field progress in accelerator magnets

tesla

14
12

10

S M a3 B

HL-LHC

NbsSn s

— -
HERA .=~ 4 Field (1)
® .- -

Tevatron & RHIC
.-*"" : ’
SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 year

Btriplet Sigma B*
triplet




The « new » material : Nb,Sn

— Recent 23.4 T (1 GHz) NMR
Magnet for spectroscopy in
Nb,Sn (and Nb-Ti).

— 15-20 tons/year for NMR and HF
solenoids. Experimental MRI is
taking off

— |ITER: 500 tons in 2010-2015!

It is comparable to LHC (1200 tons of Nb-Ti
but HL-LHC will require only 20 tons of Nb;Sn)

— HEP ITD (Internal Tin Diffusion):
« High Jc., 3xJc ITER
« Large filament (50 um), large
coupling current...
e Costis 5times LHC Nb-Ti

LHC & Future High-Energy Circular Colliders

0.7 mm, 108/127 stack RRP from Oxford OST

1 mm, 192 tubes PIT from Bruker EAS
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Courtesy: G. Ambrosio FNAL
and G. Sabbi, LBNL

LOS of LARP

LQSOla 202 T/m at 1.9 K

LQS01b: 222 T/m at 4.6 K , 1 .
227 T/m at 1.9 K _
Siuu——FIl T

- LQS02: 198 T/m at 4.6 K 150 A/s

CE/RW 208 T/m at 1.9 K 150 A/s

\ . . .

> limited by one coil [y 2016

Target:
200 T/m gradient at 1.9 K
LQS03: 208 T/m at 4.6 K

210 T/m at 1.9 K
1st quench: 86% s.s. limit




LS2 : collimators and 11T Dipole

* |S22017-18: Point-X,7 & IR-2
* |S32020+: IR1,5 as part of HL-LHC

Q7 MB ABRT

halo

VB BIR? \ an
MB AIRY

MB B12R7

00 |

L N !

L RN
11TNbsn / JBAL=119.2Tm @ I o, = 11.85 kA
in series with MB with 20 % margin
LS2: 12 coldmass + 2 spares = 14 CM

11 m Nb,Sn m LS3: 8 coldmass + 2 spares = 10 CM
24 CM

Total

5. ol 20 0 Mo m LS2: 24 coldmass + 4 spares = 28 CM
LS3: 16 coldmass + 4 spares = 20 CM
5.5 m Nb,Sn 5.5 m Nb,Sn

—
Total 48 CM
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= High
il Luminosity
LHC

Aperture (mm)| 60
Field (T) 10.8
Current (A) | 11850
Temperature | (K) 1.9
Peak field (T) | 11.35

Cryo-unit design with
Integrated collimator

CONNECTION CRYOSTAT _ COLD MASS
L | —— - ‘ — — il _l' I
L = : e T .
ZAMBR e e 0 MBH :
[ DionE E‘-- . aﬂl n B I LF"‘ L -~ 3 Eﬂ_“ %:- L
e N .f_.f s St s st
INTERCONNECT  / COLLIMATOR
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. MBHSPO1 — 1-in-1 Demonstrator (2 m)

PEODODODHEIOOEEIOO,
“EEEEOeOOeEOCLEEEOOEE

- -y
o ._\]_\

o~ »,
-

w_ W

’ J‘l"l
L W |

.
L

Cold mass assembly

L SN o _ "I e W
MBHSPO2 passed 11 T field during trainirlfé at 1.9 K
with | = 12080A on 5th March 2013! 3 Fermilab
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11 T Dipole for HL-LHC (Dispersion suppressor collimation)

First assembly in Two-In-One magnet of short coils (1.8 m)
Nb3Sn technology

Single apertures n. 102 & 103
reached 12 T after some

training that started at ~9 T. R e

L OSSR T OO SOOI T . Bel o
oy
12000 i 112 T- Nominal
g RK .~ -
< 11000 \ :f T
g \
€ 10000 —e— MBHSFP101
Té ----- Thermal eycle 101
& 9000 MBHSP102
Thermal eycle 102
8000 —0—MBSP103
—3—NMBHDPI101 - No quench
7000 .
0 5 10 15 20 15 30 35 -
>
Quench number

Cold powering test started on Wednesday 9" December : Result in red _
No quench up to 11.3 T, above nominal! Test stopped because of quen
connection (NOT in the magnet). Magnet is warming up, fix clamp, teg
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HL-LHC Upgrade Ingredients: Crab Cavities

GCeabr@ivétiesminosity F(b)

. ROHRELORERTHL: of

geometrical reduction factor

 Independent for each IP
1 q.s.

J1+Q? 0 25 .

 Noise from cavities to beam?!?

F =

* Challenging space constraints

HWDR. JLAB.0D HWSR, SLAC-LARP DR, UK. TechX Kota, KEK
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Excellent first results: e.g. RF dipole > 5 MV
Y4 w and 4-rods also tested (1.5 MV)

1.0E+10 win
3 [DMINION

UNIVERSITY p

{u o ooo .o»%‘ o® 4 Qﬁ%}":oug'.

RF-Dipole Nb prototype
2 K result 8 | e

%4
SLOE+09 -~ "0ee,.

4.2 K result Seo

Initial goal was 3.5 MV

J Delayen ODU

e Ty
°
S)
S
4

however AV > 5-6 MV would
1.0E+08 ‘ c A
0 s i TEIl ©2se integration
0.0 1.5 3.0 45 6.0 75 Vi (MV)
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Baseline parameters of HL for reaching 250 -300 fb-l/year

50 ns
25 ns |S the Optlon # Bunches 2808 1404
However: p/bunch [101] 2.0 (1.01 A) ] 3.3(0.83 A)
50 ns should be kept as alive and g, [eV.s] 25 25
possible because we DO NOT have
. c,[cm] 7.5 7.5
enough experience on the actual
limit (e-clouds, lyzqm) Ogpip [107] 0.1 0.1
Yexy [um] 2.5 3.0
B* [cm] (baseline) 15 15
X-angle [urad] 590 (12.5 o) | 590 (11.4 o)
_ Loss factor 0.30 0.33
Continuous global Peak lumi [10%] | 6.0 7.4
optimisation with LIU Virtual lumi [10%] | 20.0 22.7
Tieveling [N] @ 5E34 | 7.8 6.8
#Pile up @5E34 247

Frédérick Bordry 38
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In-kind contributions and collaborations || Discussions are ongoing
for design, prototypes, production and tests

with other countries, e.g
Canada,...

Q1-Q3 : R&D, Design, Prototypes
and in-kind USA
D1 : R&D, Design, Prototypes
and in-kind JP
MCBX : Design and Prototype ES
7 HO Correctors: Design and
B Prototypes IT
Q4 : Design and Prototype FR

CC : R&D, Design and in-kind USA CC : R&D and Design UK

LHC & Future High-Energy Circular Colliders
Frédérick Bordry 39
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LHC roadmap: according to MTP 2016-2020 B Physics

LS2 starting in 2019 => 24 months + 3 months BC ] zh“tdo‘”” -
. . eam commissionin
LS3 LHC: starting in 2024 => 30 months + 3 months BC rechnical stop ?
Injectors: in 2025 => 13 months + 3 months BC O]
2015 2016 2017 2018 2019 2020 2021
Q1 Q2/03/04|01,Q2{Q3Q4]Q102/03,04|Q1 |Q2/Q3/04|Q1,02|Q3.Q4|Q1 |Q2/03/04]|Q1{Q2 Q304
LHC HL-LHC Civil engineering
Injectors LS2 | installation
o PHASE 1
2022 2023 2024 2025 2026 2027 2028
QAiRQBBM4QARABUIURBM4 QAL AU QA4 Ql;QJ Q3iQ4 Q1iQ2:iQ3:i4
LHC Run 3 LS 3 - Run 4
Injectors .
® > HL-LHC installation o—— PHASE 2 >
2029 2030 2031 2032 2033 2034 2035

-~

Q1 CQEQ3§Q4 Q1:Q2:Q3:Q4|Q1:Q2:Q3:0Q4|1Q1:Q2:Q3:Q4|Q1 QZEQJ Q41Q1:Q2:Q3:Q41Q1:Q2:Q3:Q4
LHC

: LS 4 I Run 5 LS 5 I
Injectors
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LHC roadmap: Goal of 3’000 fb-! by mid 2030ies

e Peak luminosity =—Integrated luminosity

E.0E+34 ' Er = - g ~ ra .y P < I : 3500
i i E 3000 fb1
5.0E+34 1—-i—+—E-—1—+{ - _—
! 5 5 2500 E
— A0E+34 ol oecheed e >
(75 | | | —
o i 2000 &
= ; — J{}I) o g
O, 3.0E+34 O T e e ¥ R ) I
! |
Z Run1l —  Run 2 Run3 — 1500 =
8 E gol
€ 20E+34 e R anans £
: ! (N 1000 =
Z g . High O
- 1 OE+34 | 5 Luminosity E
JLOE+ IR E—— BEREEEEREE S - —
el 300 b e 500
: : : . 300
«30fbl — L |
0.0E+00 —e—t b1 ] | X T AEEEEEEEE L S 1 — 0
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
| ]

Year |
High Luminosity project (HL-LHC)
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“...exploitation of the full potential of the LHC, including the

high-luminosity upgrade of the machine and detectors...”
=> High Luminosity LHC project

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

B34 Construct.  Physics | Upgr
Hg[6WM Design, R&D = Proto Construct. Physics

HL-LHC Design, R&D Construct. Physics PrOJ ect

today

Kick-off meeting: 11" Nov. 2013
(Daresbury)

http://cern.ch/hilumilhc

o~ LHC & Future High-Energy Circular Colliders

\ Frédérick Bordry
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http://cern.ch/hilumilhc

Daresbury Laboratory, UK
3" Joint Annual Meeting

High
Luminosity
LHC Project

Kick-off
Monday 11 Nov.
Special Event

HC-LARP

To smek 8 raciot apgronad o the 1 gh Lasinosty URC projct
LEAN Caunct 35 first prory for CERN asd Eurage, 2

v -
it B HL LG Projoct Kick-off -Duumh“
ftomoos of Monday 1 1% Nevember, weth the perticbation

of dracions of te major sebohoidess of B proect.

Lumi LHC-LARP

Lum

B The S 003 LHE ueign Sty Je inchuturt i e S0 [nwionely

Annual Mecting will be held at
CERM from 26 to 39 Oclober 2016
and marks the end of the FPT-
Hil umd LHE Design Study,

The main obpctive will be the
approval of the Techniosd Design
Neport, & key deliversble of
the FP7-Design Study. The new
structure of project governmance,
better  suited Be e now

The Hilsml LHC Desige Study is N
::c‘ludad In the High Lureinosity SSuer Brilaing - CEAN
project and Is partly funded o r,q purt - cUULAN

by the Furepean Commission Rama Caloga - CEAN
within the Framework Programeee  genjansno D8 Girolamo - CERN
7

LH prgect and s zarty fonchd by s £ urgpeay Comumsstn
et B Fomvenrork Aognm 7 Oywodie Sedc
Frozamms, SanrAaanaT 28440

Formom detaka sad Y98 Mpsiaton

http://cern.ch/hilumilhc
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] phove, will also be
disoussed and approved.

Tatsushi Nakamoto — KIK
Mlessandro Ratts - LONL
Stedano Redaelli - CEAN
Gianlucs Sabbi - (BNML
Exio Todeseo - CERN
Aedy Wolvki - CLAUMLY

¥ Thomas M:
Grant Agreenent 234404,

For more delails and free registration:
ceclle.noels @ cern.ch / Miumiihc.web.cem.ch


http://cern.ch/hilumilhc

“to propose an ambitious post-LHC accelerator project at

CERN by the time of the next Strategy update”

d) CERN should undertake design studies for accelerator projects in a global context,

with emphasis on proton-proton and electron-positron high-energy frontier
machines. These design studies should be coupled to a vigorous accelerator R&D

programme, including high-field magnets and high-gradient
accelerating structures, in collaboration with national institutes,
laboratories and universities worldwide.

Q
* i o 9 @
1E6 = — 5
i LT a) {
E i 1
g S o] i
3 :'
S3E7 — 2 x o
@ \EIE
(=]
m
1E-7
80 90 100 110 120

Unloaded Accelerating Gradient My/im

And also R&D on Proton-Driven Plasma
Wakefield Acceleration (AWAKE Expt at CERN)

LHC & Future High-Energy Circular Colliders

Frédérick Bordry
JUAS 2016- European Scientific Institute - Archamps - 19th January 2016




CLIC Multi-TeV Linear Collider

LT

3

SLAC-R-O98s

KEK Report 2002-1
PSE-12-08

JAJ- 2012001
CERN-2012007
12 Octoter 2012

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

A MULTI-TEV LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY

CLIC CONCEPTUAL DESHGN REPORT

e

Tunnel implementations
(laser straight)

PRy

Central MDI & Interaction
Region




Jg (Afmm?)

“to propose an ambitious post-LHC accelerator project at

CERN by the time of the next Strategy update”

d) CERN should undertake design studies for accelerator projects in a global context,

with emphasis on proton-proton and electron-positron high-energy frontier
machines. These design studies should be coupled to a vigorous accelerator R&D

programme, including high-field magnets and high-gradient
accelerating structures, in collaboration with national institutes,
laboratories and universities worldwide.
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HFM
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Unloaded Accelerating Gradient My/im

And also R&D on Proton-Driven Plasma
Wakefield Acceleration (AWAKE Expt at CERN)




105 km tunnel near FNAL
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H. Piekarz, “... and ... path to the future of high energy particle physics,”
JINST 4, P0O8007 (2009)
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Introduction — What is a (CEPC + SppC) ?
Chinese project

Circular Electron Positron Collider (phase I) +

Super pp Collider (phase Il) in the same tunnel
pp collider

e-e* Higgs Factory _
A Higgs factory +

A machine of discovery

LHC & Future High-Energy Circular Colliders

GERN Frédérick Bordry
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CEPC basic parameter:

~ Beam energy ~120 GeV.

» Synchrotron radiation power ~50 MW.
» 50/70 km in circumference.

SppC basic parameter:

» Beam energy ~50-70 TeV.
» 50/70 km in circumference.
» Needs B, ~20T.

The circumference of CEPC is determined by that of the SppC,
which is determined by the final energy of proton beam and
the achievable dipole field strength.

PO AL HA L}

2013-10-18 6™ TLEP workshop Institute of High Energy dfiysics

LHC & Future High-Energy Circular Colliders
CERN o
\ Frédérick Bordry
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CEPC+5ppC Where(if in Chinay):

For example, Qin-Huang-Dao

Google earth
C

LHC & Future High-Energy Circular Colliders
\ Frédérick Bordry 52
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CEPC+SppC

When(dream):

CPEC

Pre-study, R&D and preparation work
Pre-study: 2013-15
R&D: 2015-2020
Engineering Design: 2015-2020

Construction: 2021-2027

Data taking: 2028-2035

SppC

Pre-study, R&D and preparation work

Pre-study: 2013-2020

R&D: 2020-2030
Engineering Design: 2030-2035

Construction: 2035-2042

Data taking: 2042 -
International Workshop on Future High Energy
Circular Colliders (December 2013)
(IHEP, Beljing)

LHC & Future High-Energy Circular Colliders

C\EfW Frédérick Bordry Courtesy of Prof. Yifang Wang (IHEP) 53
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Malta Workshop: HE-LHC @ 33 TeV c.o0.m.

14-16 October 2010

.
™
oo BB MR B | 300 mminter-beam

o 0 40 0 s 100 120 140 160 100 20 20 240 200 20 30 |Vultiple powering in the same

il

Magnet design (20 T):
very challenging but not

| B
IE BN . impossible.

80

60

40

y (mm)

magnet (and more sectioning
Nb.sn || Nb,sn || Nbysn for energy)

lowj highj highj
Work for 4 years to assess

Nb.sn || NbsSn

1875 1985 1995 2005 2015

Year

2025

Material N. turns | Coil fraction | Peak field | Jo,erai (A/mm’) e highj_ o HTS for 2X20T to open the
Nb-Ti 41 27% 8 380 20 Nb,Sn ||Nb.Sn i
Nb3sn (high o) | 55 37% 3 380 \ e NbT‘ | way to ;'-6-5_-” pegm :
Nb3Sn (Low Jc) | 30 20% 15 190 O0 20 40 60 80 100 120 OtherW|Se ||m|t f|e|d to 15.5
HTS 24 16% 20.5 380 X(mm) T for 2X 13 TeV
Dipole Field for Hadron Collider Higher INJ energy is
. desirable (2xSPS)
18 HE-LHC
16 HTS e
_— " ng the beam screen at 60 K.
= - . .
IR 5 (s to dumping time.
] 15N - .
= 10 C. Reaching 2x1034 appears reasonable.
o - .
£ 8 NbTi L 5 beam handling for INJ & beam dump:
S E Tevatm;,x";m AHiC 1ake twice more room for LHC kickers.
2 t”rﬂ
0 SPS & Main Ring (resistive)




HE-LHC main parameters
parameter

parameter

c.m. energy [TeV]
circumference C [km]
dipole field [T]

dipole coil aperture [mm]

beam half aperture [cm] 1.3
Injection energy [TeV] . >1.0
no. of bunches 2808 2808
bunch population N, [10%!] 1.15 2.2 0.94
Init. tr. norm. emittance [um] 3.75 2.5 1.38
Init. longit. emittance [eVs] 2.5 3.8
no. IPs contributing to AQ g 2 2
max. total b-b tune shift AQ 0.01 0.015 0.01
beam current [A] 0.584 1.12 0.478
rms bunch length [cm] 7.55 7.55
IP beta function [m] 0.55 0.15 0.35
rms IP spot size [um] 16.7 7.1 (min.) 5.2

e LHC & Future High-Energy Circular Colliders O. Dominguez, L. Rossi, F. Zimmermann
\ Frédérick Bordry
7
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Superconductors:

from materials to applications

Current Density Across Entire Cross-Section

- I—YBCO: ‘Parallel t‘o tape plane, 4.2 K S u pe rCO n d u Cto rS aS

== YBCO: Perpendicular to tape plane, 4.2 K

2212 Round Wi, 2K seen by the eye of
- e====Nb3Sn: High Energy Physics an eng i neer

10,000

= Nb-Ti (LHC) 1.9 K (~+3 T shift over 4.2 K)

s w T The grand challenge
of today Is to develop
e e \ ki 2212 the tech n0|0gy of

T. Boutboul '07) @w& \
s

100 -

a8
ot Qﬁr) . .
e on s high-fiel
Compiled from ASC'02 595 filament strand
and ICMC’'03 papers (J. with Ag alloy outer
Parrell OI-ST) sheath tested at

‘ NHMFL

10\| T I T T l\\\l

| o= SUperconductors
T T areem =0 (field quality,...)

LHC & Future High-Energy Circular Colliders
Frédérick Bordry From Luca Bottura 56
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LTS (NDbTI ; Nb;Sn) :
NbTi mature but limited to 9T & == =

SPS & Main Ring | resistive)

Is Nb;Sn mature ? Yes, and N0 = = = = =

performance of Nb;Sn wires has seen a great boost in the
past decade (factor 3 in J- w/r to ITER)

Nb-TE —
-

However, Nb,Sn magnets were never built nor
operated Iin accelerators. Manufacturing, guench,
training, protection, strain tolerance, field quality
are the focus today to make this new technology a
reality

Solid and aggressive R&D in HFM (High Field
Magnet) for accelerators must be intensified

o~ LHC & Future High-Energy Circular Colliders

\ el ety From Luca Bottura
S JUAS 2016- European Scientific Institute - Archamps - 19th January 2016




HTS

Can HTS displace LTS ? Not today

Much needs to be done to bring this technology to a point
where it can be sold as "mature”
Materials have potential that can be exploited
- OPHT for BSCCO0O-2212
- Thicker layer for YBCO tapes
- The Holy Grail of a round YBCO wire
Production quantities, homogeneity and cost need to evolve

Step-up application demands, from self-field
(SC-link is an ideal test-bed) to high-field
accelerator magnets (feasibility)

CERN LHC & Future High-Energy Circular Colliders From Luca Bottura |

\ Frédérick Bordry
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Program Eucard2 on HTS

EuCARD2: Develop 10 kA class HTS accelerator cable using Bi-
2212 and YBCO. Test stability, magnetization, and strain
tolerance

“Visions for the Future of Particle Accelerators”
A CERN, Geneva (CH), 10th—14th June 2013

[
2

B[]
sREEEEIEE

O OO0 = = - -
N

5 & & 8

l - l W
L
o
2
°

£
3

WP10: a5 T, 40 mm bore
HTS dipole
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(=2 Future Circular Collider &)

L

First studies on a new 80 km High Energy-LHC :33 TeV
with 20T magnets

tunnel in the Geneva area
= 42 TeV  with 8.3 T using
present LHC dipoles

=80 TeV with16 T based
on Nb,;Sn dipoles

=100 TeV  with 20 T based §
on HTS dipoles




Future Circular Collider Study - SCOPE

CDR and cost review for the next ESU (2018)

Forming an international
collaboration to study:
* pp-collider (FCC-hh)

- defining infrastructure requirements

~16 T= 100 TeV ppin 100 km

~20 T = 100 TeV pp in 80 km Schematic of an
: ¢ 80-100 km
« e*e collider (FCC-ee) as s long tunnel
potential intermediate step

* p-e (FCC-he) option

FCC: 80-100 km infrastructure in Geneva area

LHC & Future High-Energy Circular Colliders
CERN o
\ Frédérick Bordry
S JUAS 2016- European Scientific Institute - Archamps - 19th January 2016



Future Circular Collider Study
Kick-off Meeting

March 23 -

12-15 February 20 s g
B. Barlelia (MIT) M. Mangano (CERN)

: : M. Benedik! (CERN) A. Patwa (DOE)
University of b F. Borhy (CERN) & Sundrum (U. Maryiand)
i M. Koratzinos L Bottura (CERN) 5. Nagalisev (FNAL)

Swﬁzerland, pcc 0. eining (CERN) 1. Ogitsu (KEK)
W. Chou (FNAL IHEP) K. Olde (KEX)
M. Benedikt, E. De R
J. Gutleber, D H ;mwmm :m‘u(r.camm
C. Potter, F. Zimme 1. Ells (King's College) C. Polter (CERN)
B A Blondel (U Geneva) Q. Gin (IHEP)
SCIENTIFIC ORGANIZING F. M(m B. Rimmer (JLAB)
COMMITTEE - B. Goddard (CERN) 1. Roser (BNL)
FCC Coordination Group $. Gouslay (LsML) L Bost (CERg
A. Ball, M. Benedikt, A. Bl c.mmmm :Mwm (:mcaﬂ)
reordry,t." o vigad] 1 '
B.Goddard.P Janot,E.J P. Jano} (CERN) 8. Strauss (DOE)
J. M. Jimenez, M. Klein, E Jensen (CERN) S, Srouss
1M Jimenez (CERN) M. Syphers (MSU-FNAL)
M. Kiute (MIT) L Tavian (CERN)
A. Lanidord (UC irvine) £. Todesco (CERN)
D. Larbalestier (NHFML) R Van Kooten (U. indiana)
P. Lebrun (CERN) P. Vedrine (CEA)
LK. Len (DOE) J. Wenninger (CERN)
E. Levichev (BINP) U. Wienands (SLAC)
M. D'Onolrio (U. LUverpool)  F. immermann (CERN) :

FCC Week 2015

€ IEEE International Future Circular Collider Conference
27,2015 | Washington DC, USA

Organising & scienfific PFrogram Comlmﬂee:

N. Arkani-Hamed (Princeton) M. Kiein (U. Liverpool)

-

N U.S. DEPARTMENT OF Office of
ENERGY Science

- = " 1 of? ;
&3, UNIVERSITE S - (EREL XL NI B8 Further information and registration : o :
@ % DE GENEVE i i sickot {8 hitpy//cem.ch/fccw2015s = € @ G
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(=) FCC-hh Key Parameters C))\j

Parameter FCC-hh LHC

Energy [TeV]
Dipole field [T] 16

#P | emams2) 4

Luminosity/IP,,,., [cm2s] 5-10 x 103
Synchr.rad. [Wim/apert] | " 284] 047

Preliminary, subject to evolution dISCharge 330 MS — 24 - W

CERN, 11th March 2015 F. Bordry 64



(5=5)) FCC-ee Key Parameters @

Parameter FCC-ee LEP2

Bunchesbeam | 16700| 1360) 98| 4
Beam current[mA] | 1450| 30| 66| 3

Luminosity/IP x 1034 cm2st -m
 w | =

Synchr. Power [MW]

Preliminary, subject to evolution

22 MW at LEP2

CERN, 11th March 2015 F. Bordry 65



£y )
Inj 1 dkp Inj
1.4km SET 1.4km

- AC (L=1&km,R=13km}
= Mini-arc (L=3.2km,R=13km)
- 5 [L=0.4km,R=17.3km)

== Straight

J Coll z.8em Coll z.8km

LHC & Future High-Energy Circular Colliders

Frédérick Bordry
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Extr 1.4 km Extri.4km

FCC-ee 1, FCC-ee 2, FCC-hh
and FCC-ee booster
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As the separabion of 3(4) nngs 15 within 15 m,
one wide tunnel may be possible around the IR.




Key Technologies and Challenges

* 16T superconducting magnets
» Superconducting RF cavities

* RF power sources

» Affordable & reliable cryogenics

» Reliability & avallability concepts
» Stored Energy in the beams
8.4 GJ / beam ; discharge 330 us = 24 TW

* Tunnel Geology

LHC & Future High-Energy Circular Colliders
CERN o
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(&) Collaboration Status (11/2015)

67 Institutes (research centers & universities)
European Commission =
26 countries
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Conclusion

CERN is presently exploiting the physics potential of the LHC

After the long shutdown LS1 the LHC operates at 13 TeV (2015) and
later to study when to increase towards 14 TeV (2016-2023).
=> Goal 300 fb-?

The high luminosity project HL-LHC will allow to collect ten times
more data (2026 - mid 2030ies) => Goal of 3’000 fb-1

Depending on the physics findings of the LHC “precision” e+e- linear
colliders might be built in Japan (ILC) or at CERN (CLIC)

CERN is hosting a study performed in international collaboration for a
Future Circular Colliders in the Geneva area with a circumference of
80 — 100km:

- pp-collider (FCC-pp) defining the infrastructure requirements

- ete-collider (FCC-ee) as potential intermediate step

- p-e (FCC-ep) option

- HE-LHC is also a possible option: High Field Magnets in the

present LHC tunnel

LHC & Future High-Energy Circular Colliders
Frédérick Bordry
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HL-LHC (3000 fb-1)

LHC 13-14 TeV (300 fb)
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Thanks for your attention

"The task of the mind is to produce future"
Paul Valery

CERN
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