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Chapter 29

The Role of Noise on Beam Stability and Performance in HL-LHC
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The beam response to an external excitation may result in a growth of the

emittance, or more generally a modification of its particle distribution. The

former reduces the luminosity, and the latter might lead to a loss of Landau

damping of coherent instabilities. The corresponding beam dynamicsmodel,

experimental studies at the LHC as well as extrapolations to the HL-LHC

are discussed in this chapter.

1. Introduction

Beam instability models at the LHC have evolved significantly over its first

two runs, allowing for a significant reduction of the need for Landau octupole

magnet to a level compatible with HL-LHC requirements.1 Nevertheless,

discrepancies between observations and expectations remains, especiallywhen

the beam is circulating in steady conditions for several minutes. Here we seek

an understanding of this discrepancy in order to make accurate extrapolation to

theHL-LHCconfigurations and consequently ensure that the propermitigation

measures are put in place.

Noticing that modifications of the beam distribution, beyond the reach of

transverse profile measurements, could lead to drastic reduction of Landau

damping, it was postulated that non-uniform diffusion mechanisms could lead

eventually to instabilities.2 Since the time scale of the diffusion mechanisms
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is usually much longer than those of coherent instabilities, a key feature of this

mechanism is the existence of a latency.

We start by discussing the existingmodels of decoherence due to an external

excitation with a broad spectrum as well as a characterisation of the present

machine noise through its effect on the transverse emittance in collision in

Section 2. Secondly, models of the evolution of the beam distribution in the

presence of noise and electromagnetic wake fields leading to loss of Landau

damping are described in Section 3. Finally, mitigation strategies are addressed

in Section 4.

2. Decoherence

In the presence of amplitude detuning due to non-linear forces such as lattice

non-linearities, octupole magnets or beam-beam interactions, a growth of

the emittance is expected when the whole beam experiences a transverse

kick. The decoherence is caused by the difference in oscillation frequency

of the individual particles in the beam leading to desynchronization of their

respective motion, often called filamentation.3 The effect of an external source

of noise is usually modelled as a series of small uncorrelated kicks leading to

a slow growth of the transverse emittances.

By reducing the beam oscillations faster than the decoherence mechanism,

a transverse damper is capable of mitigating the resulting growth.4 The

efficiency of such a system has limits linked to the available technology, in

particular the kicker bandwidth prevents the LHC damper to act differently on

the particles within a bunch. It can however act independently on each bunch.

The damper is most efficient at suppressing the effect of an external source

of noise when decoherence is slow, i.e. when the amplitude detuning in

the beam is small. As a result, the highest growth rate is expected when the

beams are colliding due to the effect of head-on beam-beam interactions. We

note that the strength of the head-on beam-beam interactions is multiplied

by a factor ≈ 3 in the HL-LHC w.r.t. to the LHC due to the increase of

the beam brightness and the partial compensation of the crossing angle by

crab cavities (See Chapter 7). In order to probe this regime of operation, a

set of experiments were conducted at the LHC by bringing in collision high

brightness single bunches, which are already available from its injector chain

without upgrade, their main results are reported here.
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The beam dynamics models describing the emittance growth in collision

could be verified experimentally at the LHC,4–7 the main features of the model

considered as the most accurate are illustrated in Figure 1b: for a low gain,

the emittance growth is dominated by the integrated machine noise floor

(e.g. dipole field ripple). For a high gain, the behaviour depends on the noise

introduced by the damperwhich is proportional to its gain, the dominant source

being the measurement pickups’ noise floor.8 This noise may overcome the

beneficial effect of the damper and therefore lead to an increase of the emittance

growth at high gain. This effect was observed in a dedicated experiment in

the LHC, allowing for a beam-based measurement of the machine and damper

pickups noise floor (Figure 1a). Whereas the causes for the machine noise

floor are subject of several investigations,9–11 the estimated pickup noise floor

is compatible with expectations with a remarkable accuracy of about 10%.8

A conservative extrapolation of these results, assuming an identical machine

noise floor, i.e. neglecting additional source of transverse noise such as the

crab cavities12 and large 𝛽 functions (See Chapter 26), shows that a reduction

of the emittance growth rate below 4%/h requires an improvement of the

pickups’ noise floor. A new readout electronics technology was developed

and tested with beam at the end of Run2 yielding promising results.13

(a) Measurement at LHC (b) Extrapolation

Fig. 1. Emittance growth measured at the LHC, with high brightness single bunches featuring

a beam-beam tune shift comparable to HL-LHC design, with fits of the model4 yielding a

machine noise floor of ≈ 5 · 10−5 times the r.m.s. beam size and a pickup noise floor of

0.9 𝜇m. An averaged fit is reported in dashed blue on the right, along with an extrapolation to

a reduced beam-beam parameter corresponding to the present LHC configuration (solid blue)

or pickup resolution improved by a factor 4 (dashed red). The black line marks the current

operational damper setting corresponding to a 50-turn damping time. The value corresponding

to the present LHC matches the observed growth in physics conditions.16
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Through the mechanism discussed above, while the large amplitude de-

tuning in collision seems detrimental, on the other hand it provides a strong

Landau damping, much beyond the requirement.14 Decoherence is not a ma-

jor concern for the preservation of the emittance in the rest of the cycle, i.e.

without collision, however it remains a concern for Landau damping which

is much more critical in this configuration. Indeed, since particles oscillating

at different amplitudes are affected differently in the decoherence process, a

modification of the beam distribution, and consequently of Landau damping,

is expected. The decoherence model4 was extended lately to describe the

corresponding time evolution of the distribution and its corresponding impact

on Landau damping.15 However the noise amplitude required to lose Landau

damping on a realistic time scale is not compatible with the measured noise

amplitudes, suggesting that a key ingredient is missing from the model.

3. Noise and Wake Fields

In the presence of noise with a broad frequency spectrum, the beam is forced

to oscillate, the amplitude of these oscillations is determined by the balance

between the excitation strength and the damping strength. In particular, as for

a harmonic oscillator, the beam response becomes significantly peaked at its

natural frequency. In this regime, the wake fields generate an additional force

with the spectrum of the beam oscillation, i.e. peaked at the natural frequency.

It is important to note that; not only the wake fields shift the natural frequencies

of oscillation of the beam, they can also amplify the corresponding transverse

motion. We conclude that the combined effect of a source of noise with a broad

frequency spectrum, a damper and wake fields results in an excitation peaked

at the frequencies of the so-called coherent mode frequencies. This harmonic

excitation results in diffusion of the resonant particles,17 i.e. the particles that

are also responsible for Landau damping of these coherent modes, eventually

leading to a loss of Landau damping.

This mechanism can be modelled with macro-particle tracking simulations

(Figure 2), in particular, shows that the latency is expected to increase with

the damper gain and the octupole current and decrease as the noise amplitude

increases.18 An analytical model was recently developed allowing for a more

detailed understanding.19
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(a) Time evolution (b) Distribution at turn 6 · 105 ≈ 53 s

Fig. 2. Evolution of the transverse emittance from macro-particle tracking simulation with

COMBI2 including the effect of wake fields, transverse damper, amplitude detuning and a broad

source of noise. This simulation illustrates the latency characterised by a slow growth of the

emittance along with a modification of the distribution followed by an instability characterised

by a fast exponential growth. The distorted distribution of transverse actions in normalised

phase space at the end of the latency phase is shown. Note that themaximum normalised actions

quoted on the axes correspond to an oscillation amplitude of 4 times the r.m.s. beam size. Solid

and dashed lines mark the particles resonant with the most unstable modes driven by the wake

fields, in the horizontal and vertical plane respectively. The simulations were performed with

nominal HL-LHC settings at flat top, with an octupole current of 250 A (corresponding to

approximately half of their maximum strength) and a noise amplitude of 3 · 10−3, leading to a
shorter time scale w.r.t. realistic configurations.

3.1. Experimental validation

While clearly visible in phase space, the expected distortion of the beam distri-

bution is beyond the capabilities of existing transverse profile measurements.

In order to measure directly the modification of the stability diagram, beam

transfer function measurements were introduced in the LHC in Run2. How-

ever, a direct measurement of a distortion of the stability diagram due to noise

could not be achieved so far due to various technical issues, in particular the

required accuracy was not reached and the generation of instabilities by the

harmonic excitation needed for the measurement itself strongly limited the

investigations.20,21

An indirect experimental validation of the mechanism was obtained using

the damper as a controlled source of noise,19 similarly to the experiment

discussed previously but without collision. The main feature of the instability,

i.e. a latency that depends on the amplitude of the external excitation is shown

in Figure 3.
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Fig. 3. Transverse emittance evolution of bunches experiencing different amplitudes of arti-

ficial noise characterised by the corresponding voltage at the electrostatic kicker, at top energy

in the LHC. The latency and the instability can be clearly distinguished, with a shorter latency

for bunches experiencing noise of higher amplitude. We note that the emittance growth rate is

marginal during the latency phase for the low noise bunches.

4. Mitigation

The most robust mitigation addresses the root causes, i.e. the impedance (see

e.g. Chapter 8) and external sources of noise. As discussed previously, the

damper was identified as a source of noise and a mitigation could be put in

place. Identifying the other contributors to the machine noise and minimising

their impact remains the topic of experimental studies.9–11

The crab cavity noise is a major concern for the preservation of the emit-

tance in collision, however its impact on the beam stability is critical only

if the cavities are enabled prior to the establishment of head-on collisions, a

feature that is not required in the present baseline (see Chapter 5).

The increase of the latency with the octupole current is usually stronger

than with linear,18 enhancing Landau damping is therefore a possibility. In

fact, the current design accounts for an empirical factor two in the Landau

damping requirements (based on experience from the LHC).

Since this instability mechanism features a latency, possibly of several

minutes, its impact on the machine performance can be reduced by limiting

transient times in the cycle. During Run1 and Run2, the LHC was operated
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with tens of minutes spent at flat top without collision, mainly to perform

the betatron squeeze. This operation is no longer required in the nominal

HL-LHC thanks to the combined ramp and squeeze as well as the luminosity

levelling with 𝛽∗. The establishment of collision right at the end of the ramp
to improve the beam stability was already considered in Run122 and could be

implemented in the HL-LHC final operational scenario if necessary.

A detailed understanding of this mechanism is crucial to determine the

optimal working point in terms of tune, chromaticity, octupole strength and

damper gain, possibly allowing a reduction of the requirements for the miti-

gation measures mentioned above.

5. Conclusion

The impact of noise on the beam quality, and consequently on the collider

performance, had been extensively studied in particular in the presence of

head-on beam-beam interactions and a transverse damper.4,5 The models

could be tested against experimental observations at the LHC, allowing for

a characterisation of the integrated machine noise, under the assumption of

a broad spectrum. While acceptable in the LHC, the damper pickup noise

is not compatible with the required preservation of the emittance in collision

in the HL-LHC, due to the larger beam-beam tune shift, thus requiring a

technological improvement.

On the other hand, the noise was identified as a source of instabilities, first

in simulation and later demonstrated experimentally and analytically. The

main feature of this new instability mechanism is the existence of a latency,

during which the beam remains stable but the combined effect of the noise

and the wake fields generates non-uniform diffusion that eventually leads to a

loss of Landau damping. The models are currently refined, to steer efficiently

mitigation measures and determine optimal running conditions that maximise

the latency to a level that does not impact the machine performance.

References

1. X. Buffat, G. Arduini, D. Amorim, S. Antipov, N. Biancacci, L. Carver, S. Furuseth,

G. Iadarola, K. Li, L. Mether, E. Métral, A. Oeftiger, A. Romano, G. Rumolo, B. Salvant,

M. Schenk, T. Pieloni, and C. Tambasco. Transverse instabilities during run II. In eds.

 T
he

 H
ig

h 
L

um
in

os
ity

 L
ar

ge
 H

ad
ro

n 
C

ol
lid

er
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 2

00
1:

63
8:

70
0:

10
04

::1
:6

3 
on

 0
7/

24
/2

4.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



600 X. Buffat et al.

M. Schaumann, D. Walsh, and S. Dubourg, Proceedings of the 2019 Evian workshop on
LHC beam operation, CERN, Geneva, Switzerland (30 Jan. - 2 Feb., 2019).

2. X. Buffat. Transverse beams stability studies at the Large Hadron Collider. PhD thesis,

EPFL (2015).

3. D. Moehl. Sources of emittance growth. In ed. D. Brandt, CAS - CERN Accelerator School
- Intermediate Accelerator Physics, pp. 245–270, CERN, Geneva, Switzerland (15-16

September 2003, 2006).

4. V. A. Lebedev, Emittance growth due to noise and its suppression with the feedback system

in large hadron colliders, AIP Conference Proceedings. 326(1), 396–423 (1995).
5. Y. Alexahin, A study of the coherent beam-beam effect in the framework of Vlasov

perturbation theory, Nucl. Instrum. Methods Phys. Res. A. 480(2), 253–288 (2002).
6. T. Pieloni. A Study of Beam-Beam Effects in Hadron Colliders with a Large Number of

Bunches. PhD thesis, EPFL (2008).

7. X. Buffat, L. Barraud, E. Metral, A. Ribes Metidieri, J. Barranco Garcia, P. Goncalves

Jorge, T. Pieloni, and C. Tambasco. Status of the studies on collective effects involv-

ing beam-beam interactions at the HL-LHC. Technical Report CERN-ACC-NOTE-2018-

0036, CERN, Geneva, Switzerland (2018).

8. D. Valuch, W. Hofle, J. Komppula, G. Kotzian, S. Rains, M. Soderen, and X. Buf-

fat. ADT upgrades for HL-LHC. Presented at the 8th HL-LHC Collaboration Meet-

ing, Geneva, Switzerland https://indico.cern.ch/event/742082/contributions/

3084843/attachments/1734025/2803777/ADT_for_High_Lumi.pptx (16th Oct, 2018).

9. X. Buffat, S. Furuseth, and D. Gamba. Emittance growth due to decoherence of ex-

ternal excitations in the LHC and HL-LHC. Presented at the HL-LHC WP2 Meet-

ing, Geneva, Switzerland https://indico.cern.ch/event/718322/contributions/

2952005/attachments/1629722/2597236/2018-03-20-status-noise-expanded.

pdf (10th Apr, 2018).

10. S. Kostoglou, H. Bartosik, Y. Papaphilippou, and G. Sterbini. Noise studies: On the

50hz harmonics perturbation. Presented at the 8th HL-LHC Collaboration Meeting,

Geneva, Switzerland https://indico.cern.ch/event/742082/contributions/

3084843/attachments/1734025/2803777/ADT_for_High_Lumi.pptx (16th Oct, 2018).

11. M. Morrone, M. Martino, R. D. Maria, M.Fitterer, and C. Garion. Magnetic frequency

response of high-luminosity large hadron collider beam screens. Technical Report CERN-

ACC-2019-0004, CERN, Geneva, Switzerland (2019).

12. P. Baudrenghien and T. Mastoridis, Transverse emittance growth due to RF noise in the

high-luminosity LHC crab cavities, Phys. Rev. ST Accel. Beams. 18, 101001 (Oct, 2015).
13. X. Buffat, M. Albert, D. Amorim, S. Antipov, G. Crockford, S. Furuseth, J. Komppula,

G. Kotzian, N. Mounet, A. Oeftiger, B. Salvant, M. Soderen, G. Trad, and D. Valuch.

Noise studies with new ADT pickup electronics. Technical Report CERN-ACC-NOTE-

2019-0026, CERN, Geneva, Switzerland (2019).

14. X. Buffat, W. Herr, N. Mounet, T. Pieloni, and S. White, Stability diagrams of colliding

beams in the Large Hadron Collider, Phys. Rev. ST Accel. Beams. 17, 111002 (Nov, 2014).
15. S. V. Furuseth and X. Buffat, Long-term evolution of Landau damping in the presence

 T
he

 H
ig

h 
L

um
in

os
ity

 L
ar

ge
 H

ad
ro

n 
C

ol
lid

er
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 2

00
1:

63
8:

70
0:

10
04

::1
:6

3 
on

 0
7/

24
/2

4.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



The Role of Noise on Beam Stability and Performance in HL-LHC 601

of transverse noise, feedback, and detuning, Phys. Rev. Accel. Beams. 23, 034401 (Mar,

2020).

16. F. Antoniou, I. Efthymiopoulos, M. Hostettler, G. Iadarola, N. Karastathis, S. Kostoglou,

S. Papadopoulou, Y. Papaphilippou, and G. Trad. What do we understand on the emittance

growth? In eds. M. Schaumann, D.Walsh, and S. Dubourg, Proceedings of the 2019 Evian
workshop on LHC beam operation, CERN, Geneva, Switzerland (30 Jan. - 2 Feb., 2019).

17. A. Bazzani and L. Beccaceci, Diffusion in Hamiltonian systems driven by harmonic noise,

Journal of Physics A: Mathematical and General. 31(28), 5843 (1998).
18. X. Buffat, D. Amorim, S. Antipov, L. Carver, N. Biancacci, S. Furuseth, T. Levens,

E. Métral, N. Mounet, T. Pieloni, B. Salvant, M. Soderen, C. Tambasco, and D. Valuch.

The impact of noise on beam stability. Presented at the 8th HL-LHC Collaboration Meet-

ing, Geneva, Switzerland https://indico.cern.ch/event/742082/contributions/

3084844/attachments/1733747/2804478/2018-10-16_

ImpactOfNoiseOnBeamStability-expanded.pdf (16th Oct, 2018).

19. S. V. Furuseth and X. Buffat, Loss of transverse Landau damping by noise and wakefield

driven diffusion, Phys. Rev. Accel. Beams. 23, 114401 (Nov, 2020).
20. C. Tambasco. Beam Transfer Function measurements and transverse beam stability studies

for the Large Hadron Collider and its High Luminosity upgrade. PhD thesis, EPFL (2017).

21. C. Tambasco, T. Pieloni, X. Buffat, E. Métral, and T. Levens. MD 3292: Investigation of

Landau damping by means of BTF measurements. Technical Report CERN-ACC-NOTE-

2019, CERN, Geneva, Switzerland (2018).

22. X. Buffat, W. Herr, M. Lamont, T. Pieloni, S. Redaelli, and J. Wenninger. Squeezing

with colliding beams. In eds. B. Goddard and S. Dubourg, Proceedings of the 2012 Evian
workshop on LHC beam operation, CERN, Geneva, Switzerland (17-20 December 2012,
2013).

 T
he

 H
ig

h 
L

um
in

os
ity

 L
ar

ge
 H

ad
ro

n 
C

ol
lid

er
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 2

00
1:

63
8:

70
0:

10
04

::1
:6

3 
on

 0
7/

24
/2

4.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.




