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Updated HL-LHC Impedance Model

HL-LHC Octupole Thresholds

The Fundamental Mode of the Crab Cavities



Impedance Model - LHC vs HL-LHC (previous model – 2022)

Main differences:

▶ The impedance curve is
generally lower thanks to
the collimators upgrade

▶ There are many additional
resonant modes (mainly
coming from the Crab
Cavities, the MKI and the
detectors)

▶ Potentially dangerous for
multi-bunch operations

1 / 18



Latest Additions to the HL-LHC Impedance Model

Studies carried out in 2022

▶ Non Cu-coated Y-Chamber: Presented and approved at the WP2 level (negligible effect)

▶ Change of vacuum valves size next to Q4: Presented at the TCC. We rejected the 100mm design, while we
approved the 80mm design keeping a preference for not changing the original design (63mm)

▶ Beam Gas Vertex (BGV): Presented and approved at the WP2 level (effect at the 1% percent level)

▶ Beam-beam Long Range Compensator (BBLR): preliminary studies show that it should not be problematic,
but it was recommended to shield the wire. Presented by B. Salvant at the “WP2/WP13 HL-LHC Satellite
Meeting, Uppsala 2022 - Long-Range Beam-Beam Wire”

New studies (presented in the following slides):

▶ Stainless Steel Warm Pipe

▶ New collimator materials

▶ Crab Cavities fundamental mode (work in progress)
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Modifications to the Model: Stainless Steel Warm Pipe

▶ The warm parts of the beam pipe in (HL-)LHC (> 3.5 km) have always been assumed to be in copper.

▶ In HL, ∼ 40 m of beam pipe on each side of IP1 & 5, will actually be in stainless steel.

▶ Despite the large diameter (> 210 mm) – hence specifications allow for the absence of copper coating –
the impact has to be checked because β−functions are high in this region.

⇒ This is now included in the impedance model.

From G. Bregliozzi et al, , 66th
impedance meeting, 22/11/2022
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Impedance Model with Stainless Steel Warm Pipe

The impedance increase is in the order of 0.1% in the freqencies of interest (GHz).
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Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.

5 / 18

https://edms.cern.ch/ui/file/2778619/1/coll-materials-14092022_pptx_cpdf.pdf
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/
https://indico.cern.ch/event/1076806/contributions/4528978/attachments/2495649/4286205/NMounet_20222208_taper_RW_TCTs_TCSPMs_WP5.pdf
https://indico.cern.ch/event/1076808/contributions/5047893/attachments/2511128/4319993/NMounet_20220919_materials_table_WP5p2.pdf
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1224097/contributions/5149447/attachments/2568134/4428290/Modeling of collimator impedances and LHC measurements .pdf
https://indico.cern.ch/event/1224097/


Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.

5 / 18

https://edms.cern.ch/ui/file/2778619/1/coll-materials-14092022_pptx_cpdf.pdf
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/
https://indico.cern.ch/event/1076806/contributions/4528978/attachments/2495649/4286205/NMounet_20222208_taper_RW_TCTs_TCSPMs_WP5.pdf
https://indico.cern.ch/event/1076808/contributions/5047893/attachments/2511128/4319993/NMounet_20220919_materials_table_WP5p2.pdf
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1224097/contributions/5149447/attachments/2568134/4428290/Modeling of collimator impedances and LHC measurements .pdf
https://indico.cern.ch/event/1224097/


Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.

5 / 18

https://edms.cern.ch/ui/file/2778619/1/coll-materials-14092022_pptx_cpdf.pdf
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/
https://indico.cern.ch/event/1076806/contributions/4528978/attachments/2495649/4286205/NMounet_20222208_taper_RW_TCTs_TCSPMs_WP5.pdf
https://indico.cern.ch/event/1076808/contributions/5047893/attachments/2511128/4319993/NMounet_20220919_materials_table_WP5p2.pdf
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1224097/contributions/5149447/attachments/2568134/4428290/Modeling of collimator impedances and LHC measurements .pdf
https://indico.cern.ch/event/1224097/


Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.

5 / 18

https://edms.cern.ch/ui/file/2778619/1/coll-materials-14092022_pptx_cpdf.pdf
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/
https://indico.cern.ch/event/1076806/contributions/4528978/attachments/2495649/4286205/NMounet_20222208_taper_RW_TCTs_TCSPMs_WP5.pdf
https://indico.cern.ch/event/1076808/contributions/5047893/attachments/2511128/4319993/NMounet_20220919_materials_table_WP5p2.pdf
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1224097/contributions/5149447/attachments/2568134/4428290/Modeling of collimator impedances and LHC measurements .pdf
https://indico.cern.ch/event/1224097/


Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.

5 / 18

https://edms.cern.ch/ui/file/2778619/1/coll-materials-14092022_pptx_cpdf.pdf
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1180881/
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/contributions/4998220/attachments/2501857/4297930/2022-09-01_Multimat-2_recap.pdf
https://indico.cern.ch/event/1189092/
https://indico.cern.ch/event/1076806/contributions/4528978/attachments/2495649/4286205/NMounet_20222208_taper_RW_TCTs_TCSPMs_WP5.pdf
https://indico.cern.ch/event/1076808/contributions/5047893/attachments/2511128/4319993/NMounet_20220919_materials_table_WP5p2.pdf
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1196081/
https://indico.cern.ch/event/1224097/contributions/5149447/attachments/2568134/4428290/Modeling of collimator impedances and LHC measurements .pdf
https://indico.cern.ch/event/1224097/


Modifications to the Model: Collimator Materials Update
HL collimator materials have been largely revisited along 2022 (WP5.2), in particular:

▶ TCSPMs: Cu-coated graphite option re-introduced (cost ∼ 8 times less than Mo-coated MoC),

▶ TCTPHs and TCTPXHs in IP1/5: now in Inermet instead of Cu-plated CuCD.

From F.-X. Nuiry (162nd HL-LHC
TCC, 14/09/2022):

▶ New results from HiRadMat suggest that Cu coating would sustain well a grazing impact (see J. Guardia et
al, 153rd ColUSM, 02/09/2022).

▶ Impedance is slightly better with Cu coating, provided a Cu conductivity close to the bulk can be obtained
(still to be fully demonstrated) – see N. Mounet, WP5.2 on 22/08/2022 and WP5.2 on 19/09/2022.

▶ Caveat: the taper resistivity is not included yet in the model – it has recently been discovered to increase
collimator impedance by sometimes a few tens of percent (see N. Mounet et al, 63rd IWG, 06/09/2022,
and A. Kurtulus et al, ABP-CEI meeting, 15/12/2022)

⇒ tests are planned to check if the graphite taper of the TCSPMs can be coated.
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Impedance Model with Updated Collimator Materials

The new settings have a beneficial effect at low frequencies but a slightly detrimental one in the GHz range. We
will have evaluate the effect of the new materials on the octupole thresholds (see next section).
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Beam and Machine Parameters

Throughout the rest of the presentation we will only consider the HL-LHC at flat-top (end of the ramp,
β∗ = 100cm) because this is the most critical situation. In collision the instabilities would be more critical, but

the strong head-on tune spread provides enough Landau damping.

We consider a BCMS beam (which is the brigthest under consideration) with the following parameters:

Intensity [1e11p/bunch] 2.3e11
Energy [TeV] 7

Transverse Emittances x/y [µm] 2.3/2.1
Transverse distribution Parabolic

Bunch length [ns] 1
Longitudinal Distribution Gaussian
Damping time [turns] 100

RF voltage [mV] 16
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Single-Bunch Thresholds LHC vs HL-LHC

Even though the HL-LHC
impedance is lower, the thresh-
olds are higher due to:

▶ Brighter beam: higher
intensity and smaller
transverse emtittances
(BCMS beam)

▶ We consider a parabolic
transverse distribution (no
tails)

▶ We assume a short bunch
length (1 ns) as an
equivalent of the
q-gaussian longitudinal
profile (to be studied)
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The Role of Brightness on the HL-LHC Thresholds

It might seem that the efforts to reduce the impedance were not effective but the higher thresholds are a result
of the higher brightness (and the assumptions on the distributions). To confirm this we can compare the LHC

thresholds the HL-LHC thresholds computed on an LHC beam (case of the octupole threshold MD here).

Main parameters:

LHC HL-LHC
Intensity [1e11p/bunch] 1.2e11 2.3e11
Emittance x/y [µm] 2.2/1.85 2.3/2.1

Transverse distribution Gaussian Parabolic
Bunch length [ns] 1.18 1
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Single-Bunch vs Multi-Bunch Thresholds
In the HL-LHC impedance model we have several peaks given by resonating modes. These correspond to “long-
lived” wakes which can excite coupled-bunch instability modes.

For Q′ = 15 the threshold is
∼ 25 A higher.

For HL-LHC we always need to compute multi-bunch thresholds.
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Updated HL-LHC Multi-Bunch Thresholds
We compare the octupole thresholds with the new additions to the model.

The new collimator settings give an improvement around Q′ = 10 region, while the stainless steel warm pipe
doesn’t give a significant contribution.
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Latency Effects

In the past the octupole thresholds predicted
for the LHC have been found to be lower
than the ones measured in the machine.

Does latency play a role?

To quantify the effect of latency on octupole
scans we performed an MD in which we car-
ried out two types of scan:

▶ Fast: unaffected by latency

▶ Slow: affected by latency

Result: if we want to take into account these effects we need to multiply the measurements of fast scans by 2.

For HL, the octupole threshold at Q′ = 15 taking into account only impedance and latency is then
225A · 2 = 450A (for a BCMS beam, without the crab cavities fundamental mode – see next section).
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Crab Cavities Fundamental Mode Impedance
The fundamental mode of an RF cavity contributes to the impedance of the device like every other resonant
mode but:

▶ Usually has a very high shunt impedance and Q-factor (dangerous especially for multi-bunch operations)

▶ It can be controlled through the RF feedback system

The impedance of the fundamental mode of the CCs is modeled as a transverse resonator (talk by P. Bau-
drenghien):

▶ Z⊥(ω) = ωRF
ω

R⊥
1− jQ(ωRF

ω
− ω

ωRF
)

▶ ωRF = 2πFRF , FRF = 400.8MHz

▶ Q = 5 · 105

▶ R⊥ = 9.03 · 108 Ω
m

▶ Very high, but narrow-band impedance
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Using the RF Feedback to Mitigate the Crab Cavity Impedance

The RF feedback system can act on the fundamental mode of the cavity, so it can be used to reduce the
impedance peak.

Closed Loop cavity impedance

▶ ZCL
⊥ (ω) =

Z⊥(ω)

1 + Ge−jτ(ω−ωRF )Z∥(ω)

▶ Z∥(ω) =
1

1− jQ(ωRF
ω

− ω
ωRF

)

▶ feedback gain G = 150

▶ loop delay τ = 1200ns

Thanks P. Baudrenghien!
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HL-LHC Impedance Model with CCs Fundamental Mode

Even with the RF feedback the fundamental mode is one order of magnitude higher than the HOMs.
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Octupole Thresholds with the CCs Fundamental Mode

For Q′ = 15 the octupole threshold is increased by 75A. Including the latency factor the total threshold
becomes 600 A. This increase would reduce significantly the DA and the new threshold is higher to the

hardware limit (590 A).
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Mitigation Strategies for the CCs Fundamental Mode

Three mitigation strategies under evaluation:

▶ Flat optics: it would reduce the beta
functions at the cavities, reducing the
effect of their impedance. It can yield a
factor 2 reduction, which could be
combined with higher octupoles (if ok
for DA). Studies ongoing.

▶ The betatron comb filter: it is a more
advanced RF feedback which selectively
reduces the impedance of the cavities
on the betatron lines. It works best if
the tune is known with high accuracy.
Otherwise we need a more advanced
design with wider notches. Presentation
by P. Baudrenghien. Studies ongoing
(and MD foreseen).

▶ Amplitude feedback: the cavities can
be used as an amplitude feedback in
order to damp the head-tail oscillation
mode. Studies ongoing.

P. Baudrenghien
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Conclusion

▶ The HL-LHC impedance has been effectively reduced with respect to the LHC, but several high order
modes have been added to the model.

▶ The single-bunch instability thresholds are anyways higher than the LHC ones due to the high brightness of
the beams and other assumptions on the beam distributions.

▶ The added stainless steel sections of the warm pipe play a negligible role.

▶ The thresholds obtained from the simulations need to be multiplied by a factor ∼ 2 to reproduce the effect
of latency.

▶ The updated collimator materials slightly improve the situation but the resistivity of the tapers is still not
taken into account.

▶ The fundamental mode of the Crab Cavities gives an unacceptable impedance increase but mitigation
strategies are under study.
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