
logo

area

Elias Métral for the impedance and instability team 
(BE-ABP-HSC and BE-ABP) in close collaboration with collimation team

Many thanks to many HL-LHC colleagues!

International Review of the HL-LHC Collimation System, CERN, 11-12/02/2019

Impedance models, operational 

experience and expected limitations
(20 + 10 min, 17 slides)
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 Collimators => Impedance => Beam instabilities => 3 main

mitigation methods for both LHC and HL-LHC

 Landau Octupoles (LO) => Possible boost from ATS optics

 Chromaticity (Q’)

 Transverse Damper (TD)
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 Collimators => Impedance => Beam instabilities => 3 main

mitigation methods for both LHC and HL-LHC

 Landau Octupoles (LO) => Possible boost from ATS optics

 Chromaticity (Q’)

 Transverse Damper (TD)

 Trade-off with Dynamic Aperture (DA) and beam lifetime

 LO: value and sign to be optimised

 Q’: value and sign to be optimised

 TD: gain / bandwidth / noise to be optimised => Important for HL-LHC
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 LHC from design report (2004) at 7 TeV => LO stability diagram (TCBI)
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 LHC from design report (2004) at 7 TeV => LO stability diagram (TCBI)

 LO: maximum current (550 A) => N.B.: 570 A for HL-LHC

 Q’ = 0 => Not best for TCBI but best for DA

 TD = 0 => Worry about TD-induced emittance growth

CFC 

collimators

Copper 

coated coll. No 

collimators
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 LHC from design report (2004) at 7 TeV => LO stability diagram (TCBI)

 LO: maximum current (550 A) => N.B.: 570 A for HL-LHC

 Q’ = 0 => Not best for TCBI but best for DA

 TD = 0 => Worry about TD-induced emittance growth

CFC 

collimators

Copper 

coated coll. No 

collimators

=> TD and/or Q’ absolutely needed to 

reach beam stability (due to collimators)!
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 LHC in 2018 at 6.5 TeV => Predicted effect of TD

N. Mounet et al. 
(DELPHI Vlasov Solver, 2014)

Tails cut at ~ 3 𝝈
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 LHC in 2018 at 6.5 TeV => Predicted effect of TD

Effect

of TD

N. Mounet et al. 
(DELPHI Vlasov Solver, 2014)

Tails cut at ~ 3 𝝈
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 LHC in 2018 at 6.5 TeV => Predicted effect of Q’

With TD

N. Mounet et al. 
(DELPHI Vlasov Solver, 2014)

Q’
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N. Mounet et al. 
(DELPHI Vlasov Solver, 2014)

Q’

Q’ ~ 2 was the initial 

recommendation for LHC 

operation
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 LHC in 2018 at 6.5 TeV => Predicted effect of Q’

With TD Without TD

N. Mounet et al. 
(DELPHI Vlasov Solver, 2014)

Q’ Q’

Limit of 550 A
Q’ ~ 2 was the initial 

recommendation for LHC 

operation
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 LHC is now running closer to the LO limit (factor ~ 2) with a

better control of the machine year after year

Predicted 

Measured

X. Buffat et al.
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 LHC is now running closer to the LO limit (factor ~ 2) with a

better control of the machine year after year

Predicted 

Measured

 Q’: ~ + 15

 TD: ~ 50-100-turn damping

X. Buffat et al.
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 Lessons learned => In a machine like the LHC, not only all the

mechanisms have to be understood separately, but (ALL) the

possible interplays between the different phenomena need to be

analysed in detail => To highlight only few of them



logo

area

Experience from Run 1 and Run 2 (2/3)

E. Métral, CERN, 11/02/2019 7

 Lessons learned => In a machine like the LHC, not only all the

mechanisms have to be understood separately, but (ALL) the

possible interplays between the different phenomena need to be

analysed in detail => To highlight only few of them

 TD to be included in beam stability analyses (also with Beam-Beam)

 LO (> 0 or < 0) with Beam-Beam effects (both Long-Range and Head-On)

 Destabilising effect of linear coupling

 Destabilising effect of TD

 Destabilising effect of noise => Currently under study (demonstrated in

2018) as possible main contributor to the remaining factor ~ 2 in LO
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 Lessons learned => In a machine like the LHC, not only all the

mechanisms have to be understood separately, but (ALL) the

possible interplays between the different phenomena need to be

analysed in detail => To highlight only few of them

 TD to be included in beam stability analyses (also with Beam-Beam)

 LO (> 0 or < 0) with Beam-Beam effects (both Long-Range and Head-On)

 Destabilising effect of linear coupling

 Destabilising effect of TD

 Destabilising effect of noise => Currently under study (demonstrated in

2018) as possible main contributor to the remaining factor ~ 2 in LO

 N.B.: E-cloud effects not discussed here (issue for stability mainly at injection after

scrubbing, while impedance and Beam-Beam effects mainly at high energy)
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 Best estimate of transverse impedance (B1H, B1V, B2H,

B2V): larger than predicted by factor ~ 1.5 as an upper limit

B. Salvant et al.
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~ TMCI 

threshold 

 Best estimate of transverse impedance (B1H, B1V, B2H,

B2V): larger than predicted by factor ~ 1.5 as an upper limit

D. Amorim et al.

Factor well < 1.5 

in this example

B. Salvant et al.
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Considering the 

(~ LHC) factor 2 in 

required LO current 
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S. Antipov et al.

Considering the 

(~ LHC) factor 2 in 

required LO current 

LOF (Focusing)

< 0 and > 0 similar 

as the tails are cut 

at ~ 3 𝝈
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S. Antipov et al.

Considering the 

(~ LHC) factor 2 in 

required LO current 

LOF (Focusing)

< 0 and > 0 similar 

as the tails are cut 

at ~ 3 𝝈

AT THE LIMIT!
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Considering the 

(~ LHC) factor 2 in 

required LO current 
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YES!

With a little bit of 

margin for operational 

aspects, optics 

correction, e-cloud?, etc.

(see also DA 

results)
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LOF < 0 => Slightly preferred But LOF > 0 also OK (no margin & w/o errors)
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Impedance reduction tests (1/4)

 Mimicking HL-LHC impedance reduction by opening the

collimators (B1H)
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Confirmed that dominant 

impedance source has been 

correctly identified

Impedance reduction tests (1/4)

 Mimicking HL-LHC impedance reduction by opening the

collimators (B1H) => Significant increase of TMCI threshold

D. Amorim et al.
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 Low-impedance prototype installed in LHC => Many lab and

beam-based studies
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 Low-impedance prototype installed in LHC => Many lab and

beam-based studies

D. Amorim

& S. Antipov

et al.
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 Mo resistivity seemed to be a factor ~ 5 higher than expected

(~ 250 instead of ~ 50 nΩ.m) => Bench RF measurements

suggested importance of microstructure (N. Biancacci et al.)

J. Guardia et al.
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 Measurement of coating resistivity on Mo coated samples

with H011 cavity after Eddy current method (N. Biancacci et al.)
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 Measurement of coating resistivity on Mo coated samples

with H011 cavity after Eddy current method (N. Biancacci et al.)

N. Biancacci & A. 

Kurtulus et al.
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 Measurement of coating resistivity on Mo coated samples

with H011 cavity after Eddy current method (N. Biancacci et al.)

 Measured resistivity consistent with microstructure observation

 DTI company OK and chosen for production

N. Biancacci & A. 

Kurtulus et al.
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 Why studying this?

 Previous estimates for HL-LHC based on (~ LHC) factor 2 more LO

current required in 2018 => What will it really be for HL-LHC?

 Importance of noise revealed in MD in 2018 => Scaling wrt main

parameters?

 Plans to reduce noise from TD and possibly power converters but…
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current required in 2018 => What will it really be for HL-LHC?

 Importance of noise revealed in MD in 2018 => Scaling wrt main

parameters?

 Plans to reduce noise from TD and possibly power converters but…

 3 fronts under study

 Optics => To optimise 𝛽–functions at collimators
R. Bruce et al.
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 Why studying this?

 Previous estimates for HL-LHC based on (~ LHC) factor 2 more LO

current required in 2018 => What will it really be for HL-LHC?

 Importance of noise revealed in MD in 2018 => Scaling wrt main

parameters?

 Plans to reduce noise from TD and possibly power converters but…

 3 fronts under study

 Optics => To optimise 𝛽–functions at collimators

 Asymmetric collimation => To reduce impedance of collimators

R. Bruce et al.

A. Mereghetti et al.
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Further ways to reduce impedance effects

 Why studying this?

 Previous estimates for HL-LHC based on (~ LHC) factor 2 more LO

current required in 2018 => What will it really be for HL-LHC?

 Importance of noise revealed in MD in 2018 => Scaling wrt main

parameters?

 Plans to reduce noise from TD and possibly power converters but…

 3 fronts under study

 Optics => To optimise 𝛽–functions at collimators

 Asymmetric collimation => To reduce impedance of collimators

 ATS optics => To boost the LO: tele-index rATS = 3.1 already successfully

tested in 2018 during MDs with bunch trains (with both LO polarities)

R. Bruce et al.

A. Mereghetti et al.

S. Fartoukh et al.
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Conclusion and outlook

 Baseline scenario provides stability with margin dictated by

present experience compatibly with sufficient DA
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 Measurements during Run 3 after LS2 installation and additional

investigations key to confirm estimates and fully validate further

impedance reduction during LS3
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Conclusion and outlook

 Baseline scenario provides stability with margin dictated by

present experience compatibly with sufficient DA

 Impedance reduction with Mo-coated MoGr tested and validated

with lab and beam-based measurements

 Measurements during Run 3 after LS2 installation and additional

investigations key to confirm estimates and fully validate further

impedance reduction during LS3

 Investigations ongoing to further reduce uncertainties (noise,

impedance estimate, why Q’ ~ 0 seems much more critical than

predicted, etc.) and potential mitigation paths (optics, asymmetric

collimation, ATS optics)
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E. Métral, CERN, 11/02/2019
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X. Buffat et al.

(PRAB 2014)

2012

Nominal

LOF = LOF =
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Landau octupoles and beam-beam

E. Métral, CERN, 11/02/2019 A2

X. Buffat and S. Fartoukh et al. (ATS MD, 2018)
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Destabilising effect of linear coupling

E. Métral, CERN, 11/02/2019 A3

L.R. Carver et al.

(PRAB 2018)
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Destabilising effect of TD
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Destabilising effect of noise

E. Métral, CERN, 11/02/2019 A5

MD in 2018 (X. Buffat et al.)

X. Buffat

Observations

Simulations (COMBI)

~ 13 min

External source 

of noise (in unit of 

beam size)

X. Buffat

Decreasing noise amplitude
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Stabilising effect of space charge at low energies
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TMCI studies (D. Amorim et al.)

E. Métral, CERN, 11/02/2019 A7
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D. Amorim et al.

HL-LHC impedance model at 7 TeV (𝜷∗ = 𝟓𝟎 𝐜𝐦)
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D. Amorim et al.
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Impedance contributors (BCMS, without factor 2)

S. Antipov et al.
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Collimation upgrade in LSS7

 Phase 1 (LS2 Upgrade)

 Replacement of 2 primary collimators/beam with TCPPM low impedance

collimators (MoGr)

 Replacement of 4 secondary collimators/beam with TCSPM low impedance

collimators (Mo-Coated MoGr collimators)

 Construction of 2 spare TCPPM (MoGr)

 Construction of 2 spare TCSPM (Mo-coated MoGr)

 Phase 2 (LS3 Upgrade) and pending results of the first part of Run 3

 Replacement of 5 (was 7 for previous baseline) secondary collimators/beam with

low impedance collimators (Mo-coated MoGr collimators or Cu-coated graphite

collimators)

 Construction of 2 spare TCSPM (Mo-coated MoGr collimators or Cu-coated

graphite collimators)
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LS3 Upgrade (new baseline): keep 2 CFC collimators

This scenario 

chosen

S. Antipov et al.
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Resistive-wall impedance vs. geometric

S. Antipov & E. 

Carideo et al.

Geometric part 

(in grey)
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2-beam stability: LOF < 0 vs. LOF > 0

Tele-index required 

using the formula from 

StephaneF => To be 

confirmed once the optics 

are available

X. Buffat
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HL-LHC bunch brightness
u The HL-LHC bunch brightness has already been reached! => In 

2016 at 6.5 TeV, bunches of ~ 1.4 times higher brightness than 

for HL-LHC were brought into collision with very good lifetime 

(burn-off dominated) 

Parameter LHC HL-LHC LHC 2016 Delta [%] 

Energy [TeV] 7 7 6.5 - 7 

Bunch population [1011] 1.15 2.2 1.9 - 14 

Transv. emittance [µm] 3.75 2.5 1.5 - 40 

Brightness [1011 / µm] 0.31 0.88 1.27 + 44 

Factor 4.1! 
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Studies on alternative mitigation strategies ongoing (S. Redaelli et al.)

 New IR7 optics (proposal by N. Mounet) allowing larger physical

collimator gaps being studied (R. Bruce)

 Reducing number of jaws at the beam => Asymmetric settings or

fewer secondaries (A. Mereghetti & R. Bruce)

 Impact on cleaning being studied

 MDs in 2018 being analysed

 Clearly, some scenarios only feasible if one can “trade” some cleaning

performance (potential conflicts with the new Dispersion Suppressor

layouts to be assessed)
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Further considerations on ATS optics (S. Fartoukh)

 For LOF < 0, requested tele-index strongly dependent on choice of Xing
angle function in ramp (essentially end of ramp)
 From instability perspective, Xing angle shall be maximised (possible because one

has plenty of aperture)

 From other perspectives, it may have to be minimised

 Combined ramp and squeeze: OP mechanics was already demonstrated
with up to ~ 800 nominal (and 8b4e) bunches in MD in 2018

 Budget of tele-index is limited in relative (typically from 1 to 4)
 If already eaten substantially in ramp, then 𝛽∗ − levelling in tele-mode in collision

will not be possible

 Strategy worked out for Run 3: deploy instead an anti-telescopic optics in ramp
(and cross a tele-index of 1 later on but when beams are colliding)

 Anti-telescopic optics are sensibly less flexible compared to telescopic optics
(especially IR6), which in practice will limit the (effective anti-)tele-index to 2-2.5
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Some reminders from the 2009 collimation review
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Eddy current method (to measure resistivity)

N. Biancacci et al.
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H011 cavity method (to measure resistivity): ~ 16.5 GHz

N. Biancacci & 

F. Caspers et al.
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