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Introduction: LHC Performance Goals

B Collision energyiggs discovery requireg,= 1TeV

p collisions=> FE_ .,>5TeV > LHC:E=TeV [3.5/4TeV; 6.5TeV, 6.8Te\

B Instantaneous luminosityate of events in detector= |_>§S'event

rare events =» L > 168%cm?sec! - L =1@cmZsecl! [2rRL0**cnr?sec!]

\

Bl Integrated luminosity: total number of events = (L ()t
300 fb! with 1barn = 1&%m2andfemto = 10%° [360 fbi]

depends on the beam lifetime, the LHC cycle and
turn around time and overall accelerator efficiency
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After that 1 to0os been quit
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the standard-model particle set

is Complete Almost every problem of the Standard Model originates from Higgs
interactions
I — 2 4
but.wehaveb?enluckywmme L =yHyy+u?|H|* - A|H|* -V,
Higgs boson’s 125 GeV mass 4 } 4 ‘
it opens a door to the most flavour naturalness stability
mysterious parl of the Standard cosmological constant

auth,
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Goal of HL-LHC upgrade project

2 than just 1

- hardware

/5 events

Implies overcoming several limitations in the existing LHC!!!
Cryocoolingof triplet magnets &adiation damagen triplet magnets &machine

efficiency

But also for the experiments!!

C Need for an Upgrade!




Higher Intensity

Increase F

Increase bunch population

Crossing angle
reduction factor

L 'Q Q
T“T ZT Shorter bunches,

/ ‘ smaller crossing
Smallerf * Reduced emittance

angle, crab cavities
Smaller beam size at IP
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HL-LHC Design Parameters
Parameter Nominal LHC HL-LHC 25ns
(design report) (standard)

Beam energy in collision [TeV] 7 7
Ny 1,15E+11 2,2E+11
n, 2808 2760
Niot 3,2E+14 6,1E+14
Beam current [A] 0,58 1,1
Half Crossing angle [prad] 142,5 250
Minimum B* [m] 0,55 0,15
€, [um] 3,75 2,50
g, [eVs] 2,5 3,03
Piwinski parameter 0,65 2,66
Peak Luminosity without crab-cavity [cm?s™] 1,00E+34 8,1E+34
Virtual Luminosity with crab-cavity: Lpeak*R1/R0 [cm™s™] - 1,70E+35
Events / crossing without levelling and without crab-cavity 27 212
Levelled Luminosity [cm?s™] - 5,0E+34°
Events / crossing (with leveling and crab-cavities for HL-LHC) ’ 27 131
Leveling time [h] (assuming no emittance growth)’ - 7,2
n,/ injection 288 288
g, at SPS extraction [um] : 3,5 2,1

T
m—
o
D
—43;

LHC Magnet system
LHC injector complex

HL-LHC triplet magnets

HL-LHC crab cavities

Machine operation &
availability

LHC injector complex




LHC /HL-LHC Plan HiLumi Y

LARGE HADROMN COLLIDER

Approval of
HL-LHC Project

EU fundedHiLumi

W h
Design Study e arener

HL-LHC Operation

LHC

3.6-14 TeV
e

nergy

Diodes Consolidation

splice consolidation limnit LIV Installati .
8 TeV button collimators i{:ﬂr%rﬂliillrﬂr;liﬂﬁ e inner triplet i
R2E project regions Civil Eng. P1-P5 radiation limit installation
eI
ATLAS - CMS
experirqent Upgrade phags 1 ATLAS - CMS x nnminEalu?_LffrE
peam pipes nomingd Lumi _ﬂm ALICE - LHCb | 2 x nominal [ami : HL upgrade
F5% nominal Lumi P_’_’_,--- Wl upgrade
] 3000 fb*
-1 -1 integripted
EXs i B8 4000 fb
HL-§HC TECHNICAL EQUIPMENT: Run3 op pration

DESIGN STUDY A4 PROTOTYPES - CONSTRUCTION | INSTALLATION & COMM. ‘ PHYSICS

C ~1.5 years until start of Long Shutdown 3
C 80% of the project budget of ~1.1 BCHF already committed
C The project is ready for installation start in 2026 endorsed by 2023 C&SR
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A (Main) Technical challenges of the-HHQupgrade
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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

CMS experiments to tilt the
beams before collisions.

ATLAS and CMS.

A
WO e

No accelerator upgrade
project has so many

challenging novelties covering
such a broad technology

spectrum
FOCUSING MAGNETS
12 more powerful quadrupole magnets
. . . for the ATLAS and CMS experiments,
Te C h n O I O gy | nte n S |Ve p rOJ é Ct — 4 1 designed to provide the fina.l f.ocusing
4 of the beams before collisions.

Major upgrades in P1 and P5,
large fraction of LH@ill

remainunchanged
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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HL-LHC Technical Challenges: Triplet Magnets

ulation materia
t these

loose their
11

Operation beyond 2026:
Requires replacement of LHC Triplet magnets

Requires new,

CAS, November 2024 Markus Zerlauth,



New HLELHC Triplet Layout

41 MCE

Need for shielding and larger crossing angle results ifil[]
aperture of 150 mm, requiring novel Min superconductors
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New Interaction region layout

A New insertion and final focusing magnets

A Main quadrupole magnets MQXFA (Q1, Q3) from AUP and MQXFB (Q2) from CERN
A Superconducting separation and recombination dipoles, D1 from Japan and D2 from Italy
A Higher Order Corrector package (CP) and orbit correctors (MCBX) from Italy and Spain
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HL-LHC technical bottleneck:
Radiation damage to inner triplet magnets 4\

Need to replace existing triplet magnets with
radiation hard system (shielding!) such that the
new magnet coils receive a similar radiation
dose @ 10 times higher integrated

Capillaries

¢ /0mm at 210 I/n 150 mm diameter 140 I/m USLARP MQXF magnet design
Based on NESn

8 T peak field at coils 12 T field at coils (NBn)!!! technology




Nb,Sn quadrupole: Transition from Prototype to Series
production
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MQXFB: From prototypes to series

A MQXFBP2:limited at 15 kA 6.5TeV)
A MQXFBP2: limited at 16 kA{6.8TeV)

A MQXFBP3 (previously called MQXFBO01): tested in August 2022ninal +300 A reached with
one training quench, three thermal cycles without degradation
A Old coils, old magnet assembly procediire; magnet with optimized weldinof SS shell§cause 1)
A Performance limitation still visible at 4.5, ldbove operational levels (2 K margin, 0.3 K needed)

29 - Short sample 1.9
: _ s =R
20 : AR R R —
g 18 ——— Ultimate cusrent
8 s B = : Nominal current
) :
s 10 x A A A L
= 14 5 &
@) S B4
12 S - = =
MQHBP 3 5 8 A qllen;:hd
= o = reache
1 —
EHT= 5.00 k¥ i Mag= ¢ 10 b : ! ;
D e efure Size = 10, 0 2 4 6 8 10
Testat CERN Event number

MQXFBP3 training[F. Mangiarotti, S. Izquierdo Bermudez,



Improvement Plan for MQXFB

A After steady progress with prototypeand first of serieawhich alreadyreached acceptance criteria at 1.9K,
MOXFB03s the3d magnet of 3stage strategyintegrating full set of improvements fan!d mass assembly
magnet loadingand coil manufacturing

A It wastested inQ3/Q4 2023andis the first 7.2m-long MQXFB magnet tachieve target current of 16.53 kA
at both1.9 K and 4.5 K.

A 1t showsgood endurancaafter 2 warmup/ cooldown cycleswith no retraining at 1.9 Kjo ramp rate
degradationup to 100 A/s;initial training quenches at 1.9 Kre all incoil ends

MQXFBO3 natural quench history

18 : :
: :
I
o = ! : Ultimat t
| ——— Ultimate curren
..:w--cm NNNI—"UJ- :Nn—\:w-!wwmmg T t t
16 OR3P OouP3B333000wso0 ro333w areet chren
= = 3333 3 333
é ..;gg‘g% 2-753: £33 2:2 Tg'g? 2-.2-;%2-99 3 53 Nominal current
2 o Rt ©® STHS i bhg ! T w ZHg®
$15 @RLERR b N33 8 1 Sy86 ® 19K 20A/s
£ oL wHr> | o> i Py
3 ._.EE;N ;O> o : S P = No quench 1.9K
> > =7
14 zen 2 E S B 45K 20A/s
‘g;‘ e 1 8
3 Z 3 3 A 45K >20A/s
12 19 o 45KV
18 o
12 12 e = Noquench4.5K
0 5 10 15 20 25 30 35

- = Event number
HilLumi A. Devred, et al.

CAS, November 2024 Markus Zerlauth,



. , =~~~} ||| GARd ® ;&5’ MQXFBO3: ready to be tested in Q2 conf
MQXFBP2: being prepared for the HL-LHC string M MQXFBP3:

"’", ' "‘/:.e? ij,i
in the HL-LHC string S04 MQXFBO5: fully qualified for HL-LHC n
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Cold Masses and CryoAssemblies
Technical Progress

.L: e ..., S .
S==="F LQXFAB-02 leaving IB1 after cold test  |j—

...............

Cold Mass 05 at FNAL
vy = wi 'ﬁ’”ﬁlnﬁ

QXFAOT7b, MOXH

L ROSTEAS: RIGVEMGR PSRBT review fqnGHa s Pelibi4A!



Magnets
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Arrival of AUP magnet @ CERN



https://videos.cern.ch/record/2299403
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HLLLHC Challenges: Crossing Angle |

[P ca.130mC 150m

B Insertion Layout:
Triplet

A

\D1 D2
Triplet

L

Hi

| ca.50m

B Maximize the number of Proton:

Operation with ca. 2800 bunches @ 25ns spa
C approximately 30 unwanted collision per
Interaction Region (IR).

C Operation requires crossing angle

PACI AN burch PA CMAM buinch

I Fuasef -0n
Cl ng colligan
long-range
ool lisions long-rnge
ol A ons

Bl non-linear fields from long-range beam-beam interaction:
efficientvoperation requires large beam separation at unwanted collision

points C Separation of 10-12s C large crossing angle at Interaction Point!
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HL-LHC Technical Challenges: Crab Cavities
Bl Gedn@iidtiesminosity Reduction Factor:  F(s)

. 1
Full Crossing angle: 45}

08 F

285mradLHC TDR l

0.6
05 r

-> 329mradin LHC op o4

03 r
->500mradHL TDR . | /

0

ction

0 0.2 04 0.6 qz 1
nom HELHC nomLHC earlyLHC

A Challenging space constraigd94 mm =
separation between the 2 beams Crab Cavity Grab Cavity

o

C requires compact cavity design

Crab Cavity Crab Cavity
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Industrial DQW Series (RI)

A 1st pre-series jacketed cavity with excellent results, metrology to be
finalized before acceptance

A 2Md cav

ity

B

In metrolo

gy and cold tests soon
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Crabcavitycryomodules for installation in the SPS

Lo

=4

RFD cryomodule assembled in UK and being tested In
M7 bunker (SM18-CERN) in 2024 before installation in SPS
in YETS 2024 / 2025
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