HL-LHC Upgrade Project

Horizons in Accelerators, Particle/Nuclear Physics and Laboratory-Based Quantum Sensors for HEP/NP, Nov 2022

Markus Zerlauth with acknowledgements to O.Briining, M.Lamont, L.Rossi, J. Wenninger and
many other CERN colleagues




Outline

= LHC design performance and HL-LHC upgrade goals

= Status of key (technological) deliverables towards the HL-LHC upgrade

= Civil engineering
= Final focusing magnets for lower beta*
= Superconducting Link

= Crab cavities

HL-LHC as a truly international project

Current Project planning and performance ramp-up

s
=]
] |

ICTS, November 2022 Markus Zerlauth, CERN



Introduction: LHC Performance Goals

B Collision energy: Higgs discovery requires Eq, > 1 TeV

p collisions = E ..,>5TeV = LHC:E=7TeV [3.5/4TeV; 6.5TeV; 6.8TeV]

B Instantaneous luminosity: rate of events in detector :LXSevem

rare events == L>103cm32sec! == L=10%cm?2sec! [2x103*cm?sec]

B Integrated luminosity: total number of events L = () L(t)dt
300 fb! with 1barn = 102m? and femto = 10-%° [220 fb™]

depends on the beam lifetime, the LHC cycle and
“turn around’ time and overall accelerator efficiency
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC
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CMS Integrated Luminosity, pp , 2022

Data up to 2022-10-31
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Goal of HL-LHC upgrade project
The main objective of the HL-LHC is to determine and build 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 2040

Devise beam parameters and operational scenarios for:

# enabling at total integrated luminosity of 3000 {1t
/ # implying an integrated luminosity of 250 fb-! per year, \
\ # design oper. for pu < 140 (= peak luminosity 5 x 103* cm=2s-1) /

=» Operation with levelled luminosity!

=» 10 x the integrated luminosity reach of first 10 years of LHC operation!!
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LARGE HADRON COLLIDER

) LHC/HL-LHC Plan

LHC HL-LHC
I i} -
L1
Run1 | | Run 2 | | Run 3
EYETS 136Tev  BIAN 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7TeV 8 TeV putton collimators interaction _ inner triplet e hHC
R2E project reg|0ns Civil Eng. P1-P5 pilot keam radiation limit installation
2011 2012 2014 2016 2018 2019 2020 2024 2026 2027 2028 2029 I"IIIIM
5 to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes ’ . . . HL upgrade
nominal Lumi w ALICE - LHCb } j X nominal Lumi |
75% nominal Lumi | I/- upgrade

luminosity JEDIE{ R

HL-LHC TECHNICAL EQUIPMENT:

I Run3 (physics production) started in July 2022! .

Long EYETS 2024-25
LS3 shifted by 1 year and extended to 3 years
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HL-LHC technology landmarks

CIVIL ENGINEERING “CRAB” CAVITIES
2 new 300-metre service 16 superconducting “crab”
tunnels and 2 shafts near to cavities for the ATLAS and
ATLAS and CMS. CMS experiments to tilt the
beams before collisions.
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HL-LHC is an accelerator
upgrade project with
many challenging
novelties covering a
broad technology
spectrum

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for the ATLAS and CMS experiments,
designed to provide the final focusing

ATLAS ¢ y of the beams before collisions.

Technology intensive
project!

SUPERCONDUCTING LINKS COLLIMATORS CRYSTAL COLLIMATORS
Electrical transmission lines based on a high- 15 to 20 additional collimators and New crystal collimators in the
temperature superconductor to carry the very replacement of 60 collimators with IR7 cleaning insertion to improve

high DC currents to the magnets from the improved performance to reinforce cleaning efficiency during
powering systems installed in the new service machine protection. operation with ion beams.
tunnels near ATLAS and CMS.

CERN February 2022
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Civil Engineering work for HL-LHC will be completed by end of 2022!
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HL-LHC civil engineering status (Point 1)
Overall progress today: 98%

Underground Surface

STATUS: 2022.02.28
@ 70 BE CONSTRUCTED
@ COMPLETED STEEL STRUCTURES
@ COMPLETED PRECAST CONCRETE
() COMPLETED CIP CONCRETE

STATUS: 2022.05.20

@ 710 BE CONSTRUCTED
@ COMPLETED STRUCTURAL ELEMENTS
@ COMPLETED ARCHITECTURAL FINISHES

Completed 2021
(including + ~1 month due to Covid-19)

Point one works completed in September
2022 (Including + ~1 month due to Covid-19)
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HL-LHC civil engineering status (Point 1)

SD17 Building Green Spaces
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HL-LHC civil engineering status (Point 5)

SF57

SU57

SD57




Inauguration Ceremony planned for December 2022
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Requires novel cold powering system to connect equipment in new UR galleries to tunnel
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New interaction region layout

= New insertion and final focusing magnets

= Main quadrupole magnets MQXFA (Q1, Q3) from AUP and MQXFB (Q2) from CERN
= Superconducting separation and recombination dipoles, D1 from Japanand D2 from ltaly
= Higher Order Corrector package (CP) and orbit correctors (MCBX) from Italy and Spain
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SC Magnet technology for HL-LHC

Current Density Across Entire Cross-Section
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Main Quadrupole Magnets — Q2

August 2022: Successful test of MQXFBP3 test @ SM18

MQXFBP3
18
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Main Quadrupole Magnets — Q1/Q3

Fitting of bottom SS shell and longitudinal welding

Integration of the Cold-Mass
components and installation of end
plates and pipes
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Testing of D1 Prototype at KEK

= Lifting up the D1 magnet = Insertion into vertical cryostat
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D2 Cold-Mass Assembly
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Dipole Orbit and Higher Oder corrector magnets

f\" »

. #
Nested dipole
orbit correctors

from Elytt in Spain

Canted Cosine Theta Corrector
production at BAMA in China

Higher Order Corrector
Magnets from LASA in Italy
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Flexible MgB, superconducting links

MgB, cable:
O ~90 mm
Itot| > 100 kA @ 25 K

System demonstrator

in SM 18 |
DEMO2
Demonstration of 2 x |
20kA +

2 x 7kA'in June’20
in MgB, @ 30K

in flexible cryostat
over 60m [54kA tot
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Flexible MgB, superconducting links

Received from ICAS 2" (Triplets) and 3" (Matching Sections) MgB, series cables

Sleeve, variant B (§ 3.4.7)

Quadrupole cable (QU, see

§ 3.3.2), incorporating:
base cables
(BA, see § 3.3.1)

Separator (§ 3.4.5)

Triplet (T7. see § 3.3.5) of:

7 KA cables

(7K, see § 3.3.3)

Triplet (TC, see § 3.3.6) of:
coaxial cables
(CO, see § 3.3.4)

Instrumentation wires (see § 3.4.10) Filler (§ 3.4.4)

d~ 90 mm

o Continuoustestsat CERN of extracted strands
from each constituent cable before approving
further operations — 694 test piecesin 2021

o Productionplannedto be completed by end
2022
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SC Link Cryostats

Received first series SC Link cryostat for Triplets — produced in industry

Leak/pressure tests at the company
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Crab cavity development for the HL-LHC

F(b)
* Attempt to claw back the very 1
significant reduction in luminosity 09 |
from the large crossing angle Ej :
* Create an oscillating transverse Ez : effective cross section

electric field that kicks head and tail of 0s |
the bunches in opposite directions

* Serving to mitigate the effect of the "o 02 04 06 0s b
crossing angle at the IP

—

()
|1

* Challenging space constraints: G Gaviy Grab Caviy
=>» requires novel compact

cavity design Crb Cavity Crab Cavity

[)
1)
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Crab cavity development

Major R&D program
Concentrating on two designs for

test installation and beam validation
in SPS

Double %-wave (DQW): coaxial
couplers with hook-type antenna

L.
RF Dipole: waveguide or
waveguide-coax couplers

HOM

RF-Dipa rototype [ODU-SLAC]
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Completed RFD Cryo-Module
to be installed in SPS for final
beam validation in 2024

CavityeSiithgsprior to Cleanroom
assembly
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Demonstration of crab cavities in hadron colliders

Programs Courses, Materials & Instructors Resources Opportunities Photos Contact

2022 USPAS Prize winners announced

Congratulations to the recipients of the 2022 USPAS Prize for Achi tin Accelerator Sci and
Technology:

USPAS Prize

Prize Overview

Past Prize Recipients and
Citations

Rama Calaga

. " For outstanding leadership bringing the crab cavities in hadron colliders from concept to
Past Prize Committees reality and for the first demonstration of crabbing on a hadron beam.

Prize FAQs Early-Career Award
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HL-LHC is a world-wide collaboration!
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Truly International Collaboration offering
exiting opportunities!

Connection to LHC (UL)
Service gallery (UR)

‘Hitumi Y

HL-LHC PROJECT -~
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Truly International Collaboration offering
exiting opportunities!
| i

UA gallery

Service cavern

" g Nz
(BBLR) ‘" T

Q4

Crabcavities =~

ﬁq Collimators
AN

Hitum Y
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LHC / HL-LHC Plan

HILUM

LARGE HADRON COLLIDER -

LHC HL-LHC
—
Runi | | Run 2 | | Run 3
EYETS 13.6 Tev AL 13.6 -14 TeV
13 TeV - energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation =
7 TeV 8 TeV_ putton collimators in%.raction . _ inner triplet - s :iHc
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
| 2022 | 2023 | 2026 | 2oes | 2026 | 2027 | 2028 | 2020 []I}]
5to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes . . . . HL upgrade
PP nominal Lumi 2 nominal Lumi, ALICE - LHCb \__ 2xnominal Lumi .

75% nominal Lumi | / upgrade ! !
30 fb-1 m m integrated 3000 fb™

luminosity EEOIIETR
HL-LHC TECHNICAL EQUIPMENT:

b
DESIGN STUDY b PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. ”” PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS



Expected HL-LHC performance
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TDR V1.0 - The last version of the TDR
Including the added scope - 2020

CERN Yellow Reports: CERN-2020-010
M

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

High-Luminosity
Large Hadron Collider (HL-LHC)

Technical design report

Editors:

High-Luminosity Large Hadron Collider (HL-LHC) Rl
Technical Design Report V0.1 b i
V0.1 Published in electronic version for the October >
2016 Cost & Schedule review
EDMS: 1723851 Updated Version V 1.0 published as

and as CERN Yellow Book in October 2017 CERN Yellow Book in December 2020

it : https://e-publishing.cern.ch/index.php/CYRM/issue/view/127

e
J

L-LH ROJECT
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Thank you for your attention!
Question?
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SRF Section
Cold-powering Test Area
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Operational Scenario for HL-LHC

L[10°* cm™2s!]
20

\ no leveling w peak 2x10°> cms™!

151 Event pile-up in experiments >200

Levelling with
crab-cavity

10
leveling at 5x10%* cm2s™! /

e N S/

- nominal -
1x1034 cm2s! — 1




LHC Injector Upgra UJ

40 4.0

- SPS450 GeV25ns SPS450 GeV50ns
35 | 35

-2.3e11,2.4um (1) 2.8e11,2.6 um
3.0 | at SPS extraction 3.0 . at SPS extraction
2.5 - 2.5

Emittance (x+y)/2 [um]
)
o

=
w
]

Emittance (x+y)/2 [um]
N
=)

1.5
1.0 1.0
0.5 0.5
0-0 I I:Il 0-0 I T T I T IIIII
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 00 05 10 15 20 25 30 35 40 45 5.0
Bunch Intensity [e11] Bunch Intensity [e11]

HL-LHC performance relies on more intense and brighter bunches from injector complex
(2.2E11p / 2um at SPS extraction wrt to LHC nominal of 1.15E11p / 3.4um)

25ns beam limited by space charge in PS, PSB, SPS; SPS RF power and SPS longitudinal
instabilities
50ns beam limited by PS longitudinal instabilities & SPS space charge and SPS TMCI



Peak luminosities of Hadron colliders
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