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Introduction

2

LHC beam screen FCC-hh beam screen design

• Accelerated beams in storage rings travel inside beam screens embedded in 
(super-) conducting magnets.

• Smooth uniform beam pipe -> image currents dissipates on the conductive walls 
-> main source of machine impedance and beam induced heating.

• In reality we have also (and not only) pumping holes and slots necessary to:
• maintain vacuum requirements
• shield cold bore (LHC) from beam induced heating.

We review the theory, models and measurements of the impedance of holes 
and slots on a beam screen.

Beam screen

Holes/slots

Outer pipe (cold bore)
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R.L.Gluckstern

https://cds.cern.ch/record/234213/files/PhysRevA.46.1110.pdf

• Longitudinal and transverse reactance
• Contribution of hole and forward waves in the coax region.
• Transverse impedance valid only for 𝑀 ≥ 3. See next slide.
• Address the coherent modes when holes are uniformly displaced.

Strictly applicable only for 
azimuthal symmetric structures: 
i.e. not with one hole only!
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Polarizability

Susceptibility Number 
of holes

Pipe radius

Machine 
radius

https://cds.cern.ch/record/234213/files/PhysRevA.46.1110.pdf


S.Kurennoy

https://cds.cern.ch/record/222184/files/p1.pdf
https://cds.cern.ch/record/1120216/files/p167.pdf

• Longitudinal and transverse reactance
• Accounts for many holes per cross sections.
• Elliptic, round, rectangular shapes
• Dependence of hole impedance on position
• Dependence on aspect ratio
• Trapped modes shunt impedance
• High frequency impedance and randomization effect.

Same as Gluckstern for 1 hole: 𝛼𝑚 ∝
𝜓𝑠

2
, 𝛼𝑒 ∝

𝜒𝑠
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Factor 2 larger than Gluckstern. Same if Mcs ≥ 3 due to restoration 
of axi-symmetry, with 𝑀𝑐𝑠 number of holes per cross-section.  
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Magnetic and electric moments

Azimuthal hole (h) and 
beam (b) angles

https://cds.cern.ch/record/222184/files/p1.pdf
https://cds.cern.ch/record/1120216/files/p167.pdf


A.Mostacci

http://inspirehep.net/record/563470/files/thesis-2001-014.pdf

• Hole impedance consider:
• Hole itself
• Forward TEM wave (FW)
• Backward TEM wave (BW)

• Accounts for losses due to finite inner and outer pipes resistivity
• Computes shares of losses between pipes
• Resonant effect of many holes equally spaced
• Simplified formula for large number of holes and attenuation length 

larger than hole spacing:

Hole 
itself

FW BW
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Outer (coaxial) radius

Number of holes (longitudinally)
Attenuation length 𝛼

Hole spacing 𝐷

http://inspirehep.net/record/563470/files/thesis-2001-014.pdf


Other theoretical works

https://journals.aps.org/pre/pdf/10.1103/PhysRevE.54.800

• Any 𝛽 (fields)
• Impedance accounting real and imaginary parts.
• Longitudinal and transverse
• Benchmarked with simulations.
• Agrees with S.Kurennoy (Imag part only).

https://web-docs.gsi.de/~boine/pubs/ahmed2.pdf

• Impedance at any 𝛽

https://cds.cern.ch/record/236170/files/CM-P00062668.pdf

• Detailed power loss computation 
(accounting for the forward wave only)

• Agrees with A.Mostacci (real part)
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https://journals.aps.org/pre/pdf/10.1103/PhysRevE.54.800
https://web-docs.gsi.de/~boine/pubs/ahmed2.pdf
https://cds.cern.ch/record/236170/files/CM-P00062668.pdf


A comprehensive review

https://cds.cern.ch/record/286107/files/sl-95-076.pdf

• Comprehensive revision work of available models
• Effect of different geometries (Kurennoy)
• Effect of  hole position w.r.t. the beam (Kurennoy)
• Effect of hole thickness (Gluckstern)
• Real part of impedance (Kurennoy, Sands)
• Comparison with Mode Matching (Filtz)
• Leakage measurements (Caspers)
• Impedance above cutoff (Chou)

Effect of hole shape

Effect of pipe thickness
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Triaxial wire measurements

https://cds.cern.ch/record/236170/files/CM-P00062668.pdf

• Performed transmission measurement on a LHC liner
• Triaxial wire method: forward transmission from a wire in the pipe to 

the outer coaxial
• Derives also an analytical formula for power loss in due to holes and 

TEM wave.
• Agreement with analytical formula within a factor 2 (150 holes).

11

https://cds.cern.ch/record/236170/files/CM-P00062668.pdf


Triaxial resonator measurements

https://cds.cern.ch/record/283769/files/scanned.pdf

• TEM resonant wire method setup
• Higher accuracy measuring resonance 

frequency shift
• Good agreement with Kurennoy

predictions accounting for:
• Correction for hole thickness
• Correction for field pattern
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https://cds.cern.ch/record/283769/files/scanned.pdf


Wire measurements

• Measured with classical stretched wire method
• Setup requires lot of skills as low impedance
• Good agreement between Gluckstern/Kurennoy

and measurements, both longitudinal and 
transverse.

• Good agreement also with HFSS
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https://accelconf.web.cern.ch/accelconf/p93/PDF/PAC1993_3405.PDF

https://accelconf.web.cern.ch/accelconf/p93/PDF/PAC1993_3405.PDF
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Simulations
Series of holes

Randomized holes

MAFIA & Kurennoy

• MAFIA simulations (now CST).
• Good agreement with Kurennoy for small 

holes.
• Divergence for large hole dimension or short 

bunch length.
• Beneficial effect of randomization. 

http://aip.scitation.org/doi/pdf/10.1063/1.45358
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https://indico.cern.ch/event/681147/contributions/2791137/attachments/1560105/2455602/FCC_pumping_holes_Design_Meeting.pdf

https://indico.cern.ch/event/677471/contributions/2773553/attachments/1552428/2439528/FCC_pumping_holes.pdf

Simulations: FCC-hh case

• FCC beam screen design (it is similar for HE-LHC)
• Impedance of holes needs to be quantified
• Not small (2.4 cm long) with respect to bunch length (7-8 cm rms) 
• Studied by Sergey Arsenyev with Travelling Wave (TW) and Wakefield methods
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https://indico.cern.ch/event/681147/contributions/2791137/attachments/1560105/2455602/FCC_pumping_holes_Design_Meeting.pdf
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Benchmarking: Rectangular bellows
(no TEM mode)

PEC

• Simple bellow structure
• Good agreement between wakefield and travelling wave methods
• No TEM propagation
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Benchmarking: FCC beam screen with no 
shielding (no TEM mode)

PEC

Artificial electric boundary

• FCC-hh beam screen
• Artificial electric boundary avoids TEM waves to propagate
• Factor 2 disagreement between wakefield and travelling wave methods
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Benchmarking: FCC beam screen with no 
shielding (with TEM mode)

PEC

• FCC-hh beam screen
• TEM can propagate
• Large disagreement between wakefield and travelling wave methods
• To be checked the travelling wave method with better resonator model from G. Dome, 

tech. report SPS,ARF/77-11 as we are above cut off.
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Estimates for FCC (so far)

• Screening is very effective at reducing impedance
• The present design looks safe, but disagreements remain

Analytical estimate (Kurennoy-Mostacci) can 
only be applied to unshielded holes and is 
wrong (holes are not small)

Transverse impedance Longitudinal impedance
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula 0.5 𝑀Ω/𝑚

http://inspirehep.net/record/656250
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula: 0.5 𝑀Ω/𝑚

• Update from N.Kos (E.Métral and F.Caspers) with new beam screen specifications.

http://impedance.web.cern.ch/impedance/LHC/PumpingSlots_AnswersToNicolaasKos_Final.pdf

Updated with respect to 
power loss considerations.
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula 0.5 𝑀Ω/𝑚

• Update from N.Kos (E.Métral and F.Caspers) with new beam screen specifications.

• Now in the LHC impedance model (N.Mounet, B.Salvant): 1.8 𝑴𝛀/𝒎 computed 
with Kurennoy’s formula (not accounting for axi-symmetry factor 2 reduction, 
maybe a bit pessimistic)

https://gitlab.cern.ch/IRIS/LHC_IW_model

Beam screen

Length hole

Width hole

Thickness

Pipe radius

Cold bore 
radius

Hole surface %

Pipe resistivity

Cold bore 
resistivity

Length of 
segment

Number of holes 
per cross section
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula 0.5 𝑀Ω/𝑚

• Update from N.Kos (E.Métral and F.Caspers) with new beam screen specifications.

• Now in the LHC impedance model (N.Mounet, B.Salvant): 1.8 𝑀Ω/𝑚

https://gitlab.cern.ch/IRIS/LHC_IW_model
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula 0.5 𝑀Ω/𝑚

• Update from N.Kos (E.Métral and F.Caspers) with new beam screen specifications.

• Now in the LHC impedance model (N.Mounet, B.Salvant): 1.8 𝑀Ω/𝑚

• Implementation:

– Longitudinal impedance:
• Compute Re(Zlong) with A.Mostacci simplified formula

• Add Kurennoy resonator impedance: seems a pessimistic approach as adds another real part to the longitudinal 
impedance.

– Longitudinal wake:
• Computed with Kurennoy: resonator model.

– Transverse impedance
• Compute the impedance with Kurennoy’s formula: resonator model.

– Transverse wake:
• Compute the impedance with Kurennoy’s formula: resonator model.

https://gitlab.cern.ch/IRIS/LHC_IW_model
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The LHC impedance model

• Design report:

– Computed with Gluckstern formula 0.5 𝑀Ω/𝑚

• Update from N.Kos (E.Métral and F.Caspers) with new beam screen specifications.

• Now in the LHC impedance model (N.Mounet, B.Salvant): 1.8 𝑀Ω/𝑚

• Implementation:

– Longitudinal impedance:
• Compute Re(Zlong) with A.Mostacci simplified formula

• Add Kurennoy resonator impedance: seems a pessimistic approach as adds another real part to the longitudinal 
impedance.

– Longitudinal wake:
• Computed with Kurennoy: resonator model.

– Transverse impedance
• Compute the impedance with Kurennoy’s formula: resonator model.

– Transverse wake:
• Compute the impedance with Kurennoy’s formula: resonator model.

• Same computation method applied to the HL-LHC

https://gitlab.cern.ch/IRIS/LHC_IW_model
30



Outline

• Theoretical models

• Measurements

• Simulations

– FCC-hh

– LHC 

– HL-LHC

• Summary and future work

31



HL-LHC holes in the triplets

https://impedance.web.cern.ch/impedance/documents/BeamScreens_IR1_IR5_HLLHC-expanded.pdf

• Updated by N. Mounet (and others)
• Accounts for larger beam screen radius.
• Simulations with CST performed on octogonal shape (F.Riminucci)
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Holes simulations in CST (F.Riminucci)

𝑅𝑒(𝑍𝑙𝑜𝑛𝑔) 𝐼𝑚(𝑍𝑙𝑜𝑛𝑔)

• Master thesis on impact of holes on HL-LHC impedance
• Studied the updated triplet region beam screen geometry
• Basic checks performed:

• Good agreement with A.Mostacci formula for real part.
• Factor 4 disagreement in imaginary part

• Reason not clear (large holes?): to be investigated further.
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Holes simulations in CST (F.Riminucci)

• Master thesis on impact of holes on HL-LHC impedance
• Studied the updated triplet region beam screen geometry
• Basic checks performed:

• Good agreement with A.Mostacci formula for real part.
• Factor 4 disagreement in imaginary part

• Reason not clear (large holes?): to be investigated further.
• Simulations of octogonal beam screen performed
• Impact of high order modes studies and quantified.
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Summary and next steps
• Lot of work done during the last decades

• Both simulations and measurements performed are in agreement (or within factor 2) with expectations.

• Impact of small holes with respect to wavelength is well covered by theoretical models (OK for LHC, HL-LHC 
beam screens).

• Addressed also (but not covered here): trapped modes, higher order propagating modes in the coaxial regions -> 
might be important second order effects, not to be forgotten!

• Large holes impedance mainly assessed with 3D codes.

• Lack of theoretical models for large holes (to our knowledge at least…): powerful techniques exist (mode 
matching) that could explore these regimes.

• FCC-hh:

– Simulations performed with wakefield/travelling wave methods.

– Work on going to clear out discrepancies and bridge to known theories for small holes. 

– Need to assess the heating to the cold bore as well.

• LHC:

– Mixed approach for longitudinal impedance (A.Mostacci + Kurennoy) -> too pessimistic?

– Kurennoy’s formula used in transverse plane for 𝑀𝑐𝑠 < 3 -> too pessimistic?

– LHC liner measurements in good agreement (within factor 2) with expectation (attenuation -> 𝑍𝑙).

– No details on trapped modes or higher order modes.

– Large dependence of power loss on hole manufacturing (see A.Mostacci’s thesis) -> can be responsible of 
larger heating among sectors? Should not change with time, and normally in shadow of resistive wall…

• HL-LHC:

– Same modeling as for LHC

– Simulations performed for octagonal triplet beam screen

– Benchmark cases show discrepancy of factor 4 w.r.t. theory -> to be further investigated.
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Thanks for your attention!
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Source: Wikipedia



Backup
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Update of power loss after beam 
screen update
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Update of power loss after beam 
screen update

40



41



42

Wire measurements


