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Introduction: LHC Goals & Performance

Collision energy: Higgs discovery requires E, > 1 TeV

p collisions=> E,_,>5TeV=> LHC:E=7TeV

B Instantaneous luminosity: # events in detector :LxSevem

rare events =» L >103cm?seci=> | =103 cm=2sec?

B Integrated luminosity: L = OL(t)dt

depends on the beam lifetime, the LHC cycle and
‘turn around’ time and overall accelerator efficiency

: Idea Square on HL-LHC, June 14th 2017 Oliver Brining, CERN



Introduction: the LHC is a Synchrotron

B R = constant;

v=Cc => BXy

RF cavity

LHC / LEP: ®, = 11.3 kHz

z'njectio%/

Idea Square on HL-LHC, June 14th 2017
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Introduction: the LHC is a Synchrotron

physics goal: E=7 TeV

- existing infrastructure: LEP tunnel: circ =27 km (ca. 17mi)
| with 22 km arcs (ca. 14mi)

I assume 80% of arcs can be filled with dipole magnets: F = 0.8;'

B required dipole field for the LHC:

2p, Elc _p  —~ B=g3sT
q circxl (earth: 0.3 104 T)
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Introduction: LHC 1s NOT a Standalone
Machine:

CMS
e s
LHC
North Area
auce ff Beam 1 : Beam 2 & tHcb
Y V v
West Area G towards
AD E Gran Sasso
Year Top energy Length
BOOSTER ISOLDE [GeV] [ m ]
Nearly 40 km of N\ Linac 1979 0.05 30
tunnels from LINAC 2> o PSB 1972 1.4 157
proton source to I T ok ommom
isi PR -
LHC collision jons " iy ; L+EIR proton | .= 5008  7000.0 6’ 657
s path
b protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
) ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
P neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3

HiLumi
HL-LHC PH[}J_ECT
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LHC Performance during Runl: 2010-2012

CMS Integrated Luminosity, pp Z 3 O 1
a4 f b -
Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

25
_— 2010 ?Te\f 442ph !
e 2011, 7 TeV, 6.1 b’
m— 2012, 8 TeV, 23.3 0 ! 120
2010: 0.04 fb
7 TeV CoM
1*° Commissioning
2011: 6.1 fbt
{10 7 TeV CoM
... exploring limits
s 2012: 23.3 fb'!
8 TeV CoM
.. production

~
4O (Wt o€

o®
42 3
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August 2008
First injection test

Y jmm|

95% CL Limit on oo,
S

10| -©- AmAs
- AuCE*

CMS/ TOTEM
e LHCH

4 July, 2012
4 September 10, 2008 L ] Higgs discovery
First beams around e June 28 2011
October 14 1380 bunches (50ns) ®
2010 End of Runl
6.8e33

April 2010 248 bunches
Squeezeto 3.5 m

November 2010
lons

March 30, 2010
First collisions at
3.5 TeV

September 19,
i
=4 2008
' ‘Incident’ 18 June, 2012
Accidental release 6.6 fb!
to ATLAS & CMS

of 600 MJ stored
in one sector of
LHC dipole
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Peak luminosity (10” cm2s™)

Design luminosity
> 103 cm=2st

160

140 H

120

100

80

40

20

LHC 2016 RUN (6.5 TeV/beam

e ATLAS
A CMS A
< LHCb o
O ALICE A g‘e‘ A %3
H PRELIMINARY a Qﬁﬁ ®
I a% 2o 6
L g @ 92ag
(o] Y
! @ (=]
L -4 &
:
I F o % °
L e & 6 ® A
& e, . O

0! ey S e
Apr May Jun

Jul Aug Sep Oct |
Month in 2016
[ 2016-10-16 12:39 including fill 5418; scripts by C. Barschel )

Delivered integrated luminosity (fb ')

dea square on HL-LHC, June 14th 2017

40

35

30

25

20

15

10

LHC Performance during Runll - 2016:

13 TeV after LS1

LHC 2016 RUN (6.5 TeV/beam)

—eo— ATLAS 33.631fb"°
—— CMS 36.850 fb™!
—o— LHCb 1.594 fb!

—o— ALICE 12.375 pb™!
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Performance Projections up to HL-LHC.:

* Peak luminosity —Integrated luminosity [HERIEEAACTR (] RSV

6.0E+34 ¥
5 0E+34 - Splices ~_i_____:_] Injectors __i__| 300 fb-!
| fked | | upgrade |
S > oo ] R |
0 E o R a0
o 4.0E+34 --i-i-lEH Ll (SO L
o Lo S o
£ L e P e
= 3.0E+34 |1 i ) [
= BN = NN e |
o) b A Technical limits
E 2.0E+34 7 s Uros I e T (in experiments,
5 P 2 Lo too) like :
- L o: i | =
LOE+34 i 1 b T Cryogenic limit &
b ) Lo T Radiation Damage
e ( 23 fb? ]: L —T ot tri
Tl R R of triplet magnets
0.0E+00 =+ T 4 v

—
1 12 13 14 15

1.5 1034 cm2s1 1.5-2.2 103* cms!

0.75 1034 cm2s1

i , 50 ns bunch
HHI_-I!HCLPJH[}JECTl

25 ns bunch 25 ns bunch
| high pileup ~40 Bt high pile up ~40



-LHC technical bottleneck:
diation damage to triplet magnets at 300 fb-"

peak dose longitudinal profile Cold bore
' ' ' Insulation
# 747 TeV proton interactions = 35 MGy
s IT quadrupoles ]
251 ] MCBX-1 +—+—
' f MCBX-2
I MQSX
s MCTX nested in MCBX-3 +—+—
i MCSOX —+—

peak dose [MGy / 300 fb™]
= o

O : ! 1 | | i
20 35 40 e % =

distance from IP [m]
P Ly
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LHC Upgtrade Goals: Performance
optimization
Luminosity recipe (round beams):

XN, XN xQ¥ .
L:nb N]_ NigﬁerF(f"b’e’SS)
dpxb xe
=>» 1) maximize bunch intensities =>» Injector complex
=>2) minimize the beam emittance Upgrade LIU

=>»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 o
unscheduled beam
D, aborts
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Goal of High Luminosity LHC (HL-LHC):

/# Implying an mtegrated Ium|n05|ty of 250 fb-t per year,

)

\# design oper. for p & 140 (= peak luminosity 5 1034 cm~s- 1/

=>» Operation with levelled luminosity!

=» 10x the luminosity reach of first 10 years of LHC operation!!

€ HiLugD) .
Idea Square on HL-LHC, June 14th 2017 Oliver Brining, CERN



HIL-LHC technical bottleneck:
Radiation damage to triplet magnets

Tungsten blocks

Need to replace existing triplet
“magnets with radiation hard systen
(shielding!) such that the new
magnet colls receive a similar

~ radiation dose @ 10 times higher

integrated luminosity!!!!! US-L,
magi
Requires larger aperture! sase -~
technology Capillaries

New magnet technology
/0mm at 210 T/m =>»150mm diameter 140 T/m
8T peak field at coils =» 12T field at coils (Nb;Sn)!!!

Q™ Idea Square on HL-LHC, June 14th 2017 Oliver Briining, CERN




HL-LHC Challenges: Crossing Angle

Insertion Layout:

[P ca 130m =» 150m

D2 D] 7

Triplet

\D1
Triplet

H|<

. —

I Parasitic bunch encounters:

Operation with ca. 2800 bunches @ 25ns spaci

=» approximately 30 unwanted collision per
Interaction Region (IR).

=>» Operation requires crossing angle

Bl non-linear fields from long-range beam-beam interactio

efficient operation requires large beam separation at unwanted collisio
Qints =» Separation of 10-12c = large triplet apertures for HL-LHC!

< Hil

» HL-LHC PROJECT

Idea Square on HL-LHC, June 14th 2017

| ca.50m
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L-LHC Upgrade Ingredients: Crab Cavities

GCeaim@iitiesiminosity F(b)
. REJUEHO fREtRtcet of oo |
geometrical reduction factor o, |
« Independent for each IP s jon
F=—2t_; Qo Eii/
V1+0Q° 2s, o/l |
- Noise from cavities to "o Tz o2 | 06
beam?!?

-

» Challenging space o Gy
constraints:

=> requires novel compact Crab Caviy
cavity design ™

Ml
L,“L' ””””””” “T" Idea Square on HL-LHC, June 14th 2017 Oliver Briining, CERN



HL-LHC Crab Cavity Designs

3 Advanced Design Studies with
Different Coupler concepts

RF Dipole: Waveguide or

waveguide-coax couplers
HOM

Double Yi-wave:

Oliver Brining, CERN
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310 4 ' ] |G
B, IEIIHLA?M uu DL L e

il i %_ ..... L
3. For collimation we also 2. We also need to
need to change the DS inthe ~ modify a large part of
continuous cryostat in IR7: the matching section
11T Nb,Sn dipole e.g. Crab Cavities &

D1, D2

=» More than 1.2 km of LHC !!

=» Plus technical infrastructure
(e.g. Cryo and Powering)!!

Idea Square on HL-LHC, June 14th 2017 Oliver Brining, CERN

1. New triplet Nb;Sn
required due to:

-Radiation damage

-Need for more aperture

Changing the triplet region
is not enough for reaching
the HL-LHC goal!




n-kind contributions and collaborations for

design and prototypes

First approval as construction Project: Sept. 2013

Q1-Q3 : R&D, Design, Prototypes
and in-kind USA

D1 : R&D, Design, Prototypes
and in-kind JP

D2: Design and Prototypes IT
MCBX : Design and Prototype ES
HO Correctors: Design and
Prototypes IT

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

CC : R&D and Design
UK

Q4 : Design and Prototype FR

er Bruning, CERN



http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/France-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html

P. Fessia, HL-LHC TDR
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ew Schedule: = HL-LHC CE during 1.S2

Shutdown/Technical stop
Protons physics

Commissioning
Ions

2024 2025 2026 2027 2028 2029 2030 2031 2032
I[FMAM3 3 [A]S[ONP A [F MAIM [ [AS[o N[ S [FM[ATME P TA[SO N[l [FTM[AIM [ A[S[O[N o] 3 [FIM[AME [PTA[SIOIN |3 [FIMAM] [P TA[S[eIN B3 [F MAMD [ [AIS O B [F MAIME 3 [AlS[oNB 3 [F MAME 3 [A[S[o[N]D

LS3 LS4

2033 2034 2035 2036 2037

Hi |
(HL'L”C PEETT Idea Square on HL-LHC, June 14th 2017 Oliver Briining, CERN




Project Corner Stones

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service tunnels and 16 superconducting ,crab®“
2 shafts near to ATLAS and CMS. cavities for each of the ATLAS

and CMS experiments to tilt the
beams before collisions.

Cryo@P1-P5

FOCUSING MAGNETS
12 more powserful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before
collisions.

SUPERCONDUCTING LINKS BENDING MAGNETS
glectncal transmission lines based on a COLLIMATORS 4 pairs of shorter and more
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets
current to the magnets from the new service collimators to reinforce machine protection. to free up space for the new
tunnels near ATLAS and CMS. collimators.

CERN Novembre 2015

‘ iLum
s ' |dea Square on HL-LHC, June 14th 2017 Oliver Briining, CERN



High Luminosity Work Packages after FP7 DS:

HL-LHC PROJECT MANAGEMENT

Project Leader: Lucio Rossi, CERN
Deputy Project Leader: Oliver Briining, CERN
Project Office Manager: Laurent Tavian, CERN
Configuration, QA, Resource Manager: Isabel Bejar Alonso, CERN

Integration: Paolo Fessia, CERN
Collaborations (in-kind): Beniamino Di Girolamo, CERN
Budget Officer: Benoit Delille, CERN
Safety Officer: Thomas Otto, CERN
Communication: Isabel Bejar Alonso, CERN
Secretariat: Cécile Noels, CERN

WP6A Cold Powering

Amalia Ballarino “‘:IVP:'O EBnergy IzerOSItlon ? thf_ WP15 Integration
WP2 Accelerator Physics Vittorio Parma arkus brugger — Francesco Leruttl & (De-)Installation
Gianluigi Arduini

Paolo Fessia
’ Héléne Mainaud Durand (Survey)

Rogelio Tomas Garcia

WP6B Warm Powering WP11 11T Dipole ‘
Jean-Paul Burnet Frédéric Savary
WP3 IR Magnets Michele Martino Hervé Prin ) o
. en WP16 IT String & Commissioning
Ezio Todesco . , )
. Marta Bajko — Mirko Pojer
Paolo Ferracin
WP7 Machine Protection WP12 Vacuum
Daniel Wollman Vincent Baglin
- Reiner Denz Roberto Kersevan L.
WP4 Crab Cavities & RF WP17 Infrastructure & Logistics
Rama Calaga ’ Laurent Tavian
Ofelia Capatina Beniamino Di Girolamo
WP8 Collider-Experiment Interface WP13 Beam Instrumentation
‘ Helmut Burkhardt — F. Sanchez Galan Rhodri Jones
i i Sébastien Evrard Adriana Rossi
WP5 Collimation
Stefano Redaelli
Roderik Bruce )
WP9 Cryogenics WP14 Beam Transfer
Serge Claudet Chiara Bracco

@\ Rob Van Weelderen Brennan Goddard

Idea Square on HL-LHC, June 14th 2017 Oliver Briuning, CERN
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igh Luminosity Project Office after FP7 DS:

Project Leader & Deputy

Project Definition & Strategy Safety officer
Report to CERN Management and DHs e
Report to Collaboration Board Budget Officer
Coordination technical WPs (2-14) & Collaborations Budget & its follow-up

Link to RC and to DAT

Project Office Manager
Coordination among officers, secretariat, interface with host states,
General Planning Coordination, Safety follow up

KT, Outreach and
Communication

Technical Infrastructure

Configuration, Quality and
Officer : Q E

) Integration and
Resource Officer

Installation Officer

Civil Engineering TDR Edition & Tech. Baseline

(PBS, interfaces, Tech. Specs,
Technical documentation & ECR)
Quality and Risk management
Resource & Purchase Plan

Impact & Environ. Studies
Electrical Distr. & CV
Access & Alarm
Logistics & link to Test Infra.
Consolidation & Operations

Integration study and layout
Lead (de-) installation
Survey

HL-I!FIIE PH[}JECTi= @\ . .
Idea Square on HL-LHC, June 14th 2017 Oliver Briuning, CERN
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'Performance Projections up to HL-LHC:

® Peak luminosity ==Integrated luminosity
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Idea Square on HL-LHC, June 14th 2017 Oliver Brining, CERN



Sudden local losses

= Rise time of the order of 1 ms.

= Potential explanation: dust particles g
falling into beam creating scatter losses and ‘ X
showers propagating downstream Ty

= Distributed around the ring — arcs, inner triplets, IRs

= Even without quench, preventive dumps by QPS

Monitor Losses versus Time 2 S

|
Total Losses = 3. 1366E00 [Gray | s] < > I ] ]
0.5 ms Time evolution of loss
1 bin =40 us
“— Dump trigger
0.0755 0.076 0.0765 mLc] 0.077 0.0775 0.078
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Runll Startup: UFO rates (September 2015)

‘ HHI_-I!HC PROJECT

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Number of UFOs/(hour * #bunches) in stable bea

Q There are many UFQOs, a significant number > 1% of threshold
0 0.07% of all UFOs actually dump the beam
Q Slight signs of conditioning when normalizing rate by the total number of bunches

" G. Papotti 1
: : : 25 ns

e e e e e e e e e e e e e e e e e e e e e e e e e i i
[ e e e e e e e e e e e e e N T T T T W T T T T W T T N R R e e T T T e e T T T T T T T D P e T P T T F T T T T F e T T e T W T T e T T Na T T e T T = N T T <)

Idea Square on HL-LHC, June 14th 2017 fillnumber (# bunches)



And excellent first results: RF Dipole
Results from Measurements @ CERN

Initial goal was
3.5 MV

;gl 4 EII O After Procéssing i’lultipalcting Do . During HeIiurln Processing however
13 / / ’ B B After Thermal Cytling B B After Helium Processing
108 1 1 L L1 7 ya I I E: I I I Av > 5-6 MV

0 1 2 3 . 4 5 6 7

Transverse Deflecting Voltage [MV] would ease
0 10 20 30 40 50 60 70 H H

Peak E-field [MV/m] mtegratlon

(I) ZlO 4IO 6I0 8|O 1(|)0 12|0

Peak B-field [mT]
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