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HiLumi LHC landmarks: a project for
Physics and Technology leap

“CRAB” CAVITIES
8 superconducting “crab”
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

CIVIL ENGINEERING
2 new cavemns and two new 300-metre
service galleries, two new large shafts;
10 new technical buildings on surface in P1 and P5
(ATLAS and CMS)

BENDING MAGNETS

2 pairs of shorter and more
powerful dipole bending magnets
to free up space for the new

collimators.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS

peri i toi the
congcentration of the beams before
collisions.

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

COLLIMATORS

15 to 20 new collimators and 60 replacement
collimators to reinforce machine protection.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry
current to the magnets from the new service

galleries to the LHC tunnel.




LHC upgrade goals: Performance

optimisation
Luminosity recipe (round beams):

n, XN, XN, xgxf .
L: b 1 E)y re\/>4:(f’b’ess)
4pxb xe
C 1) maximize bunch intensities C Injector complex
C 2) minimize the bearamittance Upgrade LIU

C 3) minimize beam size (constant beam powérjtiplet aperture

C 4) maximize number of bunches (beam power{, 25ns

C 5) compensate forF 0 ; C Crab Cavities

C6) I mprove machi n@Emidnizk fiumiseicd nc y @
unscheduled beam
aborts




International Collaboration

Connection to LHC (UL)
Service gallery (UR)
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The MS region with in-kind contributions

—

I

UA gallery

Overall reduction of in-kind contributions from ca. 129 MCHF to
95MCHF with cancellation of Russian agreements
S C Still pursuing additional contributions but it is getting rather late in
the game!

C HEL & Dilution Kicker descoped from HL-LHC project
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Underground Civil Engineering Excavation work was completed during LS2!




LHC / HL-LHC Plan

LHC

« HiLumMi Y
ADCOLLIDER

13.6 TeV LS3 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation L-LH
7 TeV ﬂ button collimators inferaction o . inner triplet . H - C
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
||||||m»
5to 7.5 x nominal Lumi
ATLAS - CMS -y
experiment upgrade phase 1 ATLAS - CMS /
beam pipes ; : ; i HL upgrade
sominaltanni 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi :
75% nominal Lumi I/_ upgrade
luminosity JELITVR 3

HL-

Run3 started with excellent performance in July 2022

2024 run has started with new partial RP optics (triplet irradiation mitigation)
E-cloud still major limitation for allowing maximum number of bunches (cryo capacity)




Electron Cloud: Persisting into HL-LHC period

A Dealing with electron cloud
A Sector 7-8 emerged degraded from LS2, determining heat load limitation of LHC

T ‘v

Scrubbing saturates at elevated heat load levels [e.g. S78]!

Fill #6675 (2018)
Fill #8471 (2022)
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degrade further over coming shutdown period?! 13-2015)
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Heat load reduction in LHC with hybrid scheme

brid filling scheme for-eloud suppression for proton physics in 2@#6st time!). Reduced
mber of 25 ns bunches in 2024

o Total intensity vs heat loaobtimisedwith trains mixing 8b4e and 25 ns (5x36Db)

0 ~20% reduction in heat load per bunch allowed smooth operation with up to 1.6e11 p/b

o Sufficient margin in heat load for increasing intensity to 1.8e11 p/b (limited by other devices)
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e-cloud: Mitigation Options for HL-LHC

A Beam stability is also degraded
one needs to address the root cause and not only the heat load with e.g. cryogenics upgrade.
A Ideal cure: in situ surface treatment (see V. Petit, LHC Chamonix workshop, 23/01/2023)

A Plasma-assisted CuO reduction and carbon recovery (PE-CVD
A Carbon coating (10-20 nm) by sputtering (PVD)

In-situ treatment tool testing and
personnel training on mockup

Consolidation Project proposed
(see M. Lamont, LHC A Chamoni xo0o wor ksh
summary, 25/03/2023)
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https://indico.cern.ch/event/1224987/timetable/#20230123.detailed
https://indico.cern.ch/event/1262929/
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2022 optics with e-cloud
2023 optics with e-cloud
2022 optics
2023 optics

00 05 1.0 15 20 25 30 35 40
10° Turns

—— 2022 optics with e-cloud

—— 2023 optics with e-cloud

—— 2022 optics

—— 2023 optics

00 05 1.0 15 2.0 25 3.0 35 40
10° Turns

LHC optics corrections for incoherent e-cloud effects

LHC 2023 Injection optics modified to suppress synchro-betatron resonances excited by arc
octupoles and e-cloud in quadrupoles i improving beam lifetime!
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LHC proton Run 2023: collimation performance

LHC stored beam energy in 2023 exceed 400MJ at 6.8 TeV i new record!
Excellent performance of collimation cleaning systems

Ensured safe operation and high availability in all operational phases
2023 b*
Cleaning inefficiencies often below the 104 level

In particular, duringc o mp | e x levell ing s

New HL-LHC collimators fully deployed in operation: low-impedance
collimators, TCLD dispersion suppressor collimators (ions), crystal collimation
scheme for high-b* run, &

Big effort to ensure system commissioning, including all special runs, and to
validate/monitor performance.
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Studies on LHC RF fingers

Identification of the possible mechanism of failure: beam impedance
induced heating due to field leakage from RF fingers

. Field leakage measured and confirmed by simulations
Wire measurements

—— P1 vac port/wire on axis
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End Year Technical Stops of Run3
A Careful control of bunch length for given
Intensity and bunch pattern is essential
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More critical situation for larger module diameter, the (resonances driven at lower
frequencies and induce higher power loss)

Simulations also suggest that beam offset and defects in RF
finger production can magnify leaked modes




Peak dose after 300 fb!
(ATLAS X-angle polarity reversal not included).

RP optics
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erformance, but also on o 1 memeee s [EREED
. _'i 'QY} I—" 1
(i) X-angle plane and polarity (& magnitude) - 4
Ypeak do°s96° 180° or R70° N L
(i) Beam-screen orientation g
YH & V planes fAshieldedo differ,le: ly
esanceromiem - Coyrtesy of F. Cerutti
(i) IT polarity since most debris positively charged _
Yexported onto H or V plane Nominal 30 cm RP 30 cm
(FDF triplet +Q4ON)  (DFD triplet+Q4 OFF)
Optics with Reversed Polarity (RP) of the triplet do exist, e.qg. M@Mﬁijﬂﬂ;ﬂﬁﬂﬂﬂﬂmﬂ 5E1b, w0303 |
with Q4 switched off, and nominal quad polarity restored as Somlb B 223 I | | j
of Q5 el I [
YEnabling an increase of triplset | 2x 1ty || 25 ¢
ml 1| | - N '
el o Al
-HL—I!HC PH[_!_]_;]‘I] XZ_{;_ : / N B . W —i)(')f);o ¥t Jﬂ(ﬁg \‘?a/;@u




HL-LHC flat optics
L, = SA103*cm-?/s

Round Q2 Round Q3 # of Bxyl[em] L _[fb"] ppb_. . | Pile-up | Fill length
0'06“ ﬁ— Beam 1 (12.70) bunChes (E[%]) pp end [IU ] [h]
—— Beam 2 (12.70)
* — .30-1. )
— 1 5 1 2748 15, 15 1.30-1.10 131 79
2748 18, 7.5 1.10-0.96 131 8.7
E 0.00 E 0.00
— 2748 18,9 1.15-1.0 131 8.4
—0.04 1 _0.04 |
—— Beam 1{12.70)
0,06 4 —— Beam 2 (12.7a) B ]
006—0:06 —0‘.04 —0:02 0-[60] 0-|02 0-64 0-66 Ol06—0:06 —0‘.04 —0:02 0._60_ 0.'02 0.64 0.(|)6 . 34 2
h* =18 / 5 Llﬁ,]— 7.5A10%*cm“/s
00 — apeq - C m — aperflre C
0.04 ! 0.04 1 | ! | 1 -
# of B*xy L [fb*1  ppb_,, .. - Pile-up Fill length
00 - bunches | [cm] (AT%]) | ppb_.[10° [h]
S oo E oo 2748 15,15 | 303 1.60-1.2 197 5.2
—0.02 A
0027 2748 18,7.5 1.40-1.11 197 55
—0.04 004
R 2748 18,9 1.40-1.13 197 5.4
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Gain of flexibility helps to \

optimize involved configurations:

e.g. comparing round/flat optics DA octupoles vs.
tune in HL-LHC in ADJUST with 8b4e filling scheme

ROUND OPTICS FLAT OPTICS

HL-LHC v1.6. E=7.0 TeV. Ny = 2.3 10'" ppb, HL-LHC v1.6. E=7.0 TeV. Ny 2.3 X 10'! ppb,
Lus=2.63x10¥em 27!, Ly =1.56 x 10¥%m 257!, Ly = 1.51 x 10*cm 257! Lys=243%10¥em 27!, Ly =1.55% 10%%em 257!, Ly = 1.55 x 10¥%em 25!
Py =1m. By ;=1 m,polarity [Py = 1/1 By.1=0.7m, B, , =2.8 m, polarity IP2s = 1/1
@2y =250 prad, ®F25pv) =250 prad, O/2; v =—170 prad, ®/2g v = 170 prad ©f2 4y =250 prad, ®/2spy, =250 prad, ©/2; v =—170 prad, ®/2g v = 170 prad
o, =761 cm, e, =2.0 pm, Q' =15,C~ =0.001 6,=7.61 cm, g, =2.0 pm, Q' =15,C~ =0.001
8bde_1972b_1960_1178_1886_224bpi_12inj. Bunch 89.
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Beam-beam studies for LHC and HL

More on HL-LHC Satellite Meeting,Vancouver, 2023

/Improving toolbox with moa

advanced predictions:

e.g. studies of bunch-by-bunch DA
A important for hybrid filling schemes

— Bunch-by-bunch analysis of dynamics aperture at chromaticity 15
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https://indico.cern.ch/event/1293138/contributions/5459098/

Beam-beam compensation using DC wires
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More on HL-LHC Satellite Meeting,Vancouver, 2023
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https://indico.cern.ch/event/1293138/sessions/499735/#20230927

Advanced beam dynamics studies: halos in LHC

S11 Scraping Measarement 2022-10.25 . Continued effort to understand potential halo limitations to LHC and HL-LHC
o s (e performance

4 BCTDC based

In 2023, severely jeopardized by MD available time with proton beam.

Characterization bunch-by-bunch could be achieved

Cumulative intensity [% of total]

kS Improved understanding of the effect from long-range wires
. Investigation on novel ” e v o
L] . .
' chaos indicators tools
¥ . -3.25
for accelerator physics wie e
10-4 B -3'50,.3 _355
T ey ~ Initial GPU studies for Xsuite g
Spread of halo content across bunches
- xolo] “
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First deployment of crystal c

ystal collimation scheme (illustrative)

ollimation

First operational deployment of crystal collimation scheme

h ? :
absorber ok sl . Completed upgrade of IR7 system, 4 new crystals (after some hiccups)
: - . Specialrunathigh-b* al so profited for | ow backgrounds
Chamele% . Excellent cleaning performance achieved with lead beams at 6.8 Z TeV !
?crysta/ RSN . Standard collimation improved by more than a factor 5
! L= Some issues with
. 8 to be addressed for future Iead 107 BEAM 2 VERTICAL (lead ions in LHC), timestamp: 2023-09-26 23:42:47, plotted at 23:43.05
|| circulating beam ion runs B 107 Gl collimation
Built as a part of the HL-LHC upgrade 5 o] B2V Crystal
' (WP5) and installed in LS2 + YETS2022 %ﬁ‘ . = |
[\ slo e = Collifjator
P = W iIN' ||||““ |
2 107 ‘ I
LHC CryStaI url H lll 19600 19800 20000 202‘1)0 - 1 20460‘ I
! Factor ~6 improvement
1o~ BEAM 2 VERTICAL (lead ions in LHC), timestamp: 2023-09-23 08:21:49, plotted at 08:22:06 A 4
B 1071 Siandard coliimation
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LIU beams arrived in 2023!!!! (almost) *\ X
o ,/( \\\

SeeH.Bar t ostideskim2§6th HL WP2 meeting [ .

year | Intensity # of Batch Bunch Beam
at FT [p/b] | bunches spacmg [ns] Iength [ns] type
2023 2.2ell 4x72 Standard 13.06.

2023 2.0ell 2 X 56 250 1.6 8b4e 05.04.
2023 1.8ell 56 + 5 x 36 200 1.6 hybrid 19.05.



https://indico.cern.ch/event/1308975/

LHC Integrated Luminosity 2024

— Predicted ® ATLAS Achieved ® CMS Achieved --- Target
120 +

T e T . i
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luminosity for Run 3, that started in 2022, so far ‘“'-[‘:f_ﬁm
equalled that of Run 2 (20152018). Run 1 total: 252
Run 2 total: 159.8
Run 3 total {so far): 160.1
Total: 349.1




Latest Run 4 baseline CERN-ACC-2022-0001

‘.‘: . 1400 —
LA 1200 £
= =
S s 1000 z
= 4 800 £
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5 2 400 g
ERR 200 £
o
0 T T | O
2026 2027 2028 2029 2030 2031 2032 2033
Year
Run length of 3.5 years,] *=20 cm, with HEL, no MS10, primaryc ol | . at 8.
integrated luminosity: 550 fb!t =21 + 85 + 205 ‘ (3% below HL target: 250)

Scenarios to be refined according to new possible schedule (LS3 shift/extension, Run4

R. Tomas in HL-LHC collaboration meeting, Sept. 2023


https://cds.cern.ch/record/2803611?ln=en

Towards an update of Run 4 scenario (protons)

¥ e-cloud is likely to limit the number of bunchesin Run4  8b+4e or hybrid scheme needed, plus
flat optics (~ +5% luminosity, and help with crab cavity impedance):

Assumptions:
# of PU  Integrated Feasibility from ‘ b x,=18,9cm
bunche Lumi : : Half crossing
< (1] ( [%]) e-cloud Beam Dynamics Experiments angle = 250 £ rad
160 days,
132 257 (0%) No Yes Yes eff.=50%
2748
(25ns) 200 318 (+23%) No To be studied Yes
2200 140 217 (-16%) Maybe Yes Yes
(hybrid) 200 257 (0%) Maybe |[Studies ongoing |Yes Preliminary input
from various
1972 140 194 (-24%) Yes Yes Yes teams rather
(8b+4e) 200 230 (-10%) Yes Yes for DA Yes positive, but
200 253 (1%) many studies sti
EQ?Z ] needed.

r_;

R. De Maria, LHC Chamonix workshop, 24/01/2023 (+ input from experiments & WP2)



https://indico.cern.ch/event/1224987/timetable/#20230123.detailed

Filling schemes for Run 4 under consideration

- 2760 bunches: Nominal, but not fully guaranteed even by fixing
100 half cells

- 2X00 bunches: Alternative in case of further degradation of SEY
(under study).

1972 bunches: Pure 8b4e, very robust.




Integrated and leveled luminosity versus # of bunches & PU

Nominal PU is
between 131-140.

If number of bunches
IS limited detectors
could request larger
PU to integrate more
luminosity.

Assuming for now
Flat optics 18,9cm for
all cases
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