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HL-LHC: Introduction

Upgrading the LHC

Double Quarter

Wave: Vertical
Unit LHC HL-LHC Y
Energy [TeV] 7 7
p/bunch [10' 1.15 2.2
Bunch Spacing [ns] 25 25
€ (X,y) [um] 2.5 2.5
o, (rms) [cm] 7.55 9.0
IP],S ﬁ* [cm] 55 20
Betatron Tunes - 64.31, 59.32 62.31, 60.32
X-Angle: 2¢, [urad] 300 590
Piwinski Angle Z e 0.65 3.14
RF Frequency [MHz] 400.79
Peak luminosity [10**cm™2s7!] 1.0 7.2

[1]1 CRAB CAVITIES FOR THE HIGH-LUMINOSITY LHC

RF Dipole: Horizontal
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HL-LHC: Crossing Angle

LHC Beam Crossing
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HL-LHC: Crab Cavities (1)

* Pivoting the bunch to increase the collision surface

Distance = betatron phase advance p~ =«

>

- \ crab cavity crab cavity (W -

jﬂk‘[*]l collision ’%’
"~ with crab e
QQA cavities IGW
anti-crab 7= s Q anti-crab
117 Ft
1% R TS
A,ﬂ collision without %\
120 m crab cavities

[2]Luminosity reduction caused by phase modulations at the
HL-LHC crab cavities
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HL-LHC: Crab Cavities (2)
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[2]Luminosity reduction caused by phase modulations at the
HL-LHC crab cavities
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HL-LHC: Crab Cavities (3): Phase Noise Crabbing Effect
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[2]Luminosity reduction caused by phase modulations at the
HL-LHC crab cavities
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HL-LHC: RF Beam Noise Feedback System

Emittance Growth: 16.6(32.7)%/h [3]

Due to Amplitude Noise: 7.6(23.7)%/h

Due to Phase Noise: 9%/h

Emittance Target: 2%/h
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Architecture: IF vs Direct RF Sampling
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RFSoC Measurements: ENOB
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Signal Path (1): Analogue Processing

Comb Filter:
- Replicates the pickup signal
Hybrid:
- Derives the Sum and Difference
Signal Conditioning:
- Bandpass Filter
- Gain Control
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Bunch Frame Alignment

Baseband Mixing
Averaging
Channel Summing
Phase Rotation
Tilt and Position

Notch Filter

Hilbert Filter |aoc > Delay

Signal

Signal Path (2): Digital Processing
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Signal Path (2): Digital Processing
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Signal Path (2): Digital Processing

Bunch Frame Alignment

Baseband Mixing
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Signal Path (2): Digital Processing

Bunch Frame

Bunch Frame Alignment
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Signal Path (2): Digital Processing

Bunch Frame Alignment
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Signal Path (2): Digital Processing

Bunch Frame Alignment
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Signal Path (2): Digital Processing

Bunch Frame Alignment

Baseband Mixing

Averaging
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Signal Path (2): Digital Processing

Bunch Frame Alignment , | e

Baseband Mixing | e |

Averaging 1/

Magnitude (dB)
o 7
~—

Channel Summing
Phase Rotation %

Tilt and Position

Notch Filter

Ch Phase
Mixer ”| Rot. d

Hilbert Filter | aoc —s| ooy |/t

Mixer

) p Pos »{ Notch
CERN
‘HILU Y @)
HL-LHC PROJECT ~7

Tilt Notch HT Gain

Y

Avg >

Y
Y

HT Gain

Y
Y




Signal Path (2): Digital Processing
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BMNF: Closing the loop

HL-LHC: Crab-Cavity Low level Architecture

£ T amm 2 T - " Tema hY
i CCR ‘I [ SR4 | (per beam, per IP)
| Master clock I Freq Pr |
| 10MHz (GPS) || LS |
: ? : : WR |FTWs, reset | |
|
I [
i . H }
IESiMES.}
| | Switch : | Switch |
| |
L e IR N

[ 'Fe;h;i;ai_g_alga - Technical gallery
WR (US/UR/UA) (USIUR/UA) WR
Switch Xn, B o 5 VAN N X O o Switch

[ )
: I
| T | v3,va R T
=== | o i
| [ vvi YV Y : : T Yy vl v v
BP BP [ SFP SFP | RX RX | SFP BP
: R WR | awrx W AxTx|RXTX : routx| TX bl B R WR I ewrs| | R R
| |Clock/LO|| BMNF Cavity Controller | | Cavity Controller Cavity Controller BMNF ||ClockiLO
: Gen | Gen
|
: AAA [ | ] : 1 '} _|_/
1 "G/ ! G
! |
|
|
: )3 [ \TX/ | \:r)s’ Al 2 P
| PU Front-end ( ! \ PUAFE(s)
| IgFAWD | IgFWD
| 1gREV| : IgREV
|
| : ¢
|
| 1eFwD|l 1eFwD| [ : llicFwp licFwo
| lorev|L 1oREV|| ) l|icreV I{1crEV
Y A, k. v

= - = Interaction ~
| Cavity 1 Cavity 2 _\_ Point _\_’| Cavity 3 |4~—| Cavity 4
Cryostat Cryostat
Crabbing un-Crabbing




Raw Data (3.1): NFB 2026-07-08 14.05.37_all8 N260096.txt
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Averaged Data (2) NFB 2026-07-08 15.18.26_all8 N2000128.txt
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SPS Measurements: Setup
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RFSoC Test Input Spectrum
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SINAD, SFDR and ENOB
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: RFSoC Test Setup

Backup Slides
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* Backup Slides: RF Dipole
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* Backup Slides: Crab Cavity Enclosure




* Backup Slides: HL-LHC Magnets
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