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BEAM STABILITY

Longitudinal single- and multi-bunch thresholds



Single-Bunch Loss of Landau Damping

« Threshold established in MDs in 2015: (5.0+0.5)x107 (ns)>V

H. Timko, o9th Evian workshop
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Single-Bunch Loss of Landau Damping

- Single-bunch instability observed for long physics fills
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Beam Stability: Multi-Bunch

. Coupled-bunch stability with reduced emittance (all HOMs)

Probing future high intensities at flat top by reducing target bunch length
and RF voltage in the acceleration ramp

No coupled-bunch instabilities when approaching the single-bunch limit
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Bunch length evolution (blue) at flat top with various voltages

- Instabilities driven by the cavity fundamental impedance: MDs
show that the RF FB has enough stability margin for HL-LHC
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Hole in Particle Distribution

- Regularly seen atarrival to flat top, for multi- & single bunches

- Seen on peak-detected Schottky, not on bunch profiles (narrow region)

- Canimpactthe stability at top energy

- Notrelated to 50 Hz line crossing, could be due to the blow-up in the ramp
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REMEDIES

Solutions implemented in Run |



Satellite Population at Injection

- Repeated dumps atinjection in 2016
- Most of the population originates from PS bunch rotation

- Solution: use second 40 MHz cavity in PS as proposed in 2012
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Satellite Population at Arrival to Top Energy

- The quality of the PS bunch rotation determines the population
- Well-adjusted rotation: 0.2-0.3 %

- When the second 40 MHz cavity is down: >1 %
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Full-Detuning Beam-Loading Compensation

 Operational since mid-2017, reduces the RF power consumption
during the ramp and at flat top, where higher voltage is needed
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With 2017 beam parameters, the power consumption at top energy (N.B. +20 % spread)

is reduced from 190 kW in half-detuning mode to 100 kW in full-detuning mode
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Bunch Length Differences in B1/B2

. Larger abort gap populationin B1in 2015: VCXO exchange

- B1RFnoise level reduced by ~10 dB; afterwards similar to B2 (YETS 2015)

H. Timko, 9th Evian workshop
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Bunch Length Differences in B1/B2

- Bunch length at flat top well regulated by the blow-up
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Bunch length at arrival to flat top (2015-2018)
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Bunch Length Differences in B1/B2

. Bunch length at flat top well regulated by blow-up

. Bunch length decrease in physics: B1 damps faster than B2in 2018
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Why is 2018 so different? Analysis ongoing...




BUNCH SHAPING

RF phase noise and modulation



Bunch Length/Shape Regulation Methods

RF Phase Modulation

Resonant excitation of asingle
frequency in the synchrotron
frequency distribution

Final bunch length/shape
determined by the modulation
frequency, discrete regulation

The amplitude has to be above a
critical value for the resonant
excitation to occur

H. Timko, 9th Evian workshop

RF Phase Noise

Diffusion due to band-limited phase
noise acting in the core region of the
synchrotron frequency distribution

Continuous diffusion leads to
gradual emittance growth

The steady-state bunch shape
depends on the noise spectrum

16



Bunch Flattening (RF Phase Modulation) in Physics

. Loss-free mechanism

- Various uses possible

Heat-load reduction

Beam stabilisation in physics

Pile-up density reduction

. Operational since 2016 whenever

LHCb has positive po

Keeps the bunch lengt

to ensure sufficient vertex resolution

H. Timko, o9th Evian workshop
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Controlled Emittance Blow-up

- Indispensible for the acceleration ramp to counteract single-
bunch loss of Landau damping

- The operational method generates a band-limited noise spectrum that
targets the core of the bunch up to the target bunch length
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Blow-up spectrum w.r.t. to the synchrotron frequency distribution
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Pre-distortion of the Noise Spectrum

- |n practise, the blow-up is injected in the phase correction of the
beam phase loop

- The action of the phase loop distorts the blow-up

- Tocompensate for this, a pre-distortion of the spectrum was used in Run 1
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Divergence of Bunch Lengths

. Observed for reduced target length

- |fdue to intensity effects, the effect will be amplified in Run Il

- In 2016, when the target bunch length was decreased from1.25nsto1.1ns

« In MDs, when the target bunch length was 0.9-1.0 ns
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Why the PPLP Ramp is Challenging

. Difficulties with PPLP ramp

- The slow exponential part of the ramp is replaced with a fast parabolicone

PELP vs PPLP
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Why the PPLP Ramp is Challenging

. Difficulties with PPLP ramp

- The slow exponential part of the ramp is replaced with a fast parabolicone

12 ~

(=]
=
i

[}
o
i

Voltage [MV]

o]
I

0 200 400 600 800 1000 1200
Time [s]

Need to shape the RF voltage ramp...
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Why the PPLP Ramp is Challenging

. Difficulties with PPLP ramp

» First 50 s: no bucket area for blow-up, next 150 s: need to blow up a factor 2
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...inorder for the bucket area not to decrease...
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Why the PPLP Ramp is Challenging

. Difficulties with PPLP ramp

- The noise spectrum slides out of the target range faster (update ~0.5 Hz)
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...in addition, the synchrotron frequency changes faster
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Why the PPLP Ramp is Challenging

- PPLP ramp with the PELP blow-up

- The bunch coreis missed

. Tail formation, losses, and beam dump

- With narrower blow-up spectrum
Nominals blow up as should

Pilots cannot be regulated due to
shorter bunch length

0.0

- Optimisation of blow-up and RF

_ Bunch profile with unadapted blow-up
voltage required for PPLP ramp

H. Timko, o9th Evian workshop 25



LONGITUDINAL DYNAMICS AT INJECTION

Stability, injection errors, RF voltage & power



Beam Stability at Injection

- Persistent injection oscillations

Observed since first start-up with beam

Damping time ~1 h, can survive the ramp
and potentially impact stability

o)

Peak-to-peak oscillation amplitude up to 50

Flat bottom losses with 1.9x10™ ppb

. |sduetoalarge mismatch between the

L
S

HC bucket height and the momentum

oread of the arriving bunch [7]

Intensity effects and injection errors have an
Impact, too
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Energy Errors at Injection

+ Energy matching between SPS and LHC varies over time
- Insomefills, alarge blow-up due to filamentation is observed

. B2 systematically longer; measurement error or blow-up on flat bottom?
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Energy Errors at Injection

+ Energy matching between SPS and LHC varies over time
- Insomefills, alarge blow-up due to filamentation is observed
- The beam phase loop only damps the injection errors of the first batches
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Optimum Injection Voltage

. ‘Matched’ voltage w.r.t. dp/p of arriving SPS bunch: ~2 MV

Not possible to use, too much injection losses (3 MV were tried at LHC
start-up)

- Highervoltage preferable to reduce capture losses
Injection voltage was 6 MV from 2010 till Aug. 2018

Did not adapt for the optics change of the SPS, which reduced the dp/p

- Lower voltage preferable for beam stability (long-lasting
injection oscillations) & RF power consumption

»  Optimum found for 2018 beam was 4 MV

H. Timko, o9th Evian workshop
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Voltage Reduction Campaign 2018

- Visibly reduces the oscillation amplitude after injection

- Filamented bunch length 11 % longer in 4 MV thanin 6 MV

- With large energy errors, start-of-ramp losses are close to dump threshold
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Power Limitations at Injection

_ Volppk

- Half-detuning scheme atinjection is limiting for Run Il |p ==

+ Outcome of first MD: 9 MV at the limit of operation for 50 kV
klystron HV and 1.15x10" ppb. With operational margins:

- Maximum voltage available: 8 MV with 50 kV, 1.15x10" ppb
- Minimum voltage needed: 4 MV with 1.15x10" ppb

- Asecond MD still to be analysed for verification...

Klystron HV Cathode DC power RF power Measured
current saturation

58 kV 8.6 A 500 kW 300 kW 250-280 kW

Operational settings of present LHC klystrons: 30 % more power available with 58 kV w.r.t. 50 kV

H. Timko, 9th Evian workshop



Motivation for 1.8x10" ppb in Run III

- Assuming the present scheme, the available voltage is

- Max. 6.6 MV for1.8x10" ppb
- Max.5.2 MV for 2.3x10" ppb

Bunch Extraction voltage Rel. momentum spread Emittance
intensity

SPS extraction parameters depending on intensity and optics

“Will likely use the maximum voltage, even if not strictly needed from stability point of view

- LHC capture voltage required, depending on SPS optics:
« Min. 6.4 MV with Q20 (+26.6 % dp/p), i.e. at the limit

« Min.7.9 MV with Q22 (+40.7 % dp/p), i.e. out of reach as is

H. Timko, 9th Evian workshop 33



LOOKING BACK, LOOKING AHEAD

Past improvements, outlook for LS2



Run II Operational Configuration

Proton settings

10 dB higher RF
noise in B1 than
B2

RF voltage at RFvoltageat  Bunchlength, Bunchflattening Full detuning
capture flat top arrival to flat top for LHCb** after injection

2018 6 MV, 4 MV* 12 MV 1.1ns yes yes no

*Voltage decrease between 8-27th Aug. 2018
** For positive polarity only

lon settings

Bunch length, Proton-ion

e Fvol fl : '
RF voltage at capture RFvoltageattlat top arrival to flat top cogging

2018 8 MV 12 MV 1.1 nSs no

H. Timko, 9th Evian workshop 35



Improvement of Diagnostics

. High-resolution bunch profiles improved
- First turn measurements

- Tomographic reconstruction (to be made
operational)

+  Beam spectrum logged in Timber

. Longitudinal ObsBox

Stable phase for e-cloud measurement

Oscillation amplitude for beam stability

. Full-detuning diagnostics (LPC filling schemes)

- |Improved peak-detected Schottky spectra
(faster rise time)

H. Timko, 9th Evian workshop
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Studies in LS2

- Power limitations at injection: dynamic circulator adjustment, improved
calibration schemes, understand line-by-line differences and define
appropriate operational margins

-  Damping of energy errors: longitudinal damper using ACS
- Blow-up: divergence, PPLP ramp, and alternative methods

- Firmware modifications expected (2020-2023):
Alternative beam-loading compensation schemes during injection
Alternative emittance blow-up
Cavity detuning before the first batch injection
Longitudinal damper; potentially first commissioning/MDs in 2021
Modification of digital feedback (for larger detuning)

H. Timko, 9th Evian workshop 37



Conclusions

- Vaste range of studies performed in Run I
Good understanding of longitudinal stability
Bunch shaping methods and various solutions to operational requests

Dynamics and power limitations at injection

- Many improvements to be studied for Run Il
Longitudinal damper
Beam-loading compesation at injection

Controlled emittance blow-up

- Sostay tuned... (‘A’)
...10 400.784—400.789 MH?Z!
38
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