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Introduction

↑ Shorter bunches

↑ Higher intensities

The EM interaction between
particle beam and vacuum chamber

becomes significant!

“ P E R F O R M A N C E ”
B A R

POOR EXCELLENT

Geometric wake fields:
EM fields generated by the particle bunches as they traverse 

discontinuities in the beam pipe.
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Geometric Wake fields:

Trapped EM modes can 
endure across several 

bunch passes.

𝒆 𝑡 = 0

Ƹ𝑧

Beam pipe and discontinuity

It can excite 
EM modes in "parasitical" cavities.

5

Particle bunch field: 
𝒆 𝑡

Particle bunch field: 
𝒆 𝑡

The following bunches will “feel” this 
field and may contribute to it!

Can lead to: 

1. Energy dissipation

2. Emittance growth

3. Beam instabilities
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Geometric Wake fields:
Need for a more “compact” description!
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Energy gained or lost by a “test-particle” entering 
with a certain delay after the source bunch!

Damped oscillator behavior𝒆 𝑡

(Longitudinal)
beam-coupling impedance

𝐹𝐹𝑇∗

* Opportunely normalized
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Geometric Wake fields:
Need for a more “compact” description!
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Energy gained or lost by a “test-particle” entering 
with a certain delay after the source bunch!

Damped oscillator behavior

With realistic cavities 
(e.g., Q=1e4) 

Around 𝟏𝟎 𝛍𝐬 for the 
wake to decay

Long and unstable
computations

𝒆 𝑡

(Longitudinal)
beam-coupling impedance

𝐹𝐹𝑇∗

* Opportunely normalized

Solved with IDDEFIX. 
More in: 
• IDDEFIX
• 2nd Wakis User Meeting

BE-ABP-CEI leonardo.sito@cern.ch Metamaterial absorbers for beam-coupling impedance mitigation

https://github.com/ImpedanCEI/IDDEFIX
https://github.com/ImpedanCEI/IDDEFIX
https://indico.cern.ch/event/1531249/


𝑍𝑧(𝜔) =
𝑅𝑠

1 + 𝑗𝑄
𝑓
𝑓0
−
𝑓0
𝑓

Beam-Coupling Impedance

Beam-coupling impedance

Longitudinal (ො𝒛) impedance
of an EM resonance

(complex vector quantity)

Convenient to account for wake fields in frequency domain:

Similar approach for 
Transverse (ෝ𝒙, ෝ𝒚) impedance, 
which acts on the transverse 

plane!

8

Q-factor= 𝑓0

𝐵𝑊
𝐵𝑊: 3 dB bandwidth
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Mitigation solutions:
“Reduce” the EM fields that can by excited by the beam:

• Avoiding resonant modes existence
• At least changing the R/Q

B. Damping of the EM fields:

More in: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29

A. Geometrical design optimization:

Only design phase!
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E.g., SPS Beam-Wire Scanners

More on BWS: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
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Absorbing material 
(Ferrite, SiC…)

E.g., SPS Beam-Wire Scanners

More on BWS: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
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Absorbing material 
(Ferrite, SiC…)

E.g., SPS Beam-Wire Scanners

Common techniques might be limited:
• High frequencies 
• Design constraints
• Budget & Time

More on BWS: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
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Mitigation solutions:
“Reduce” the EM fields that can by excited by the beam:

• Avoiding resonant modes existence
• At least changing the R/Q

B. Damping of the EM fields:

More in: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29

A. Geometrical design optimization:

Only design phase!
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Absorbing material 
(Ferrite, SiC…)

E.g., SPS Beam-Wire Scanners

Common techniques might be limited:
• High frequencies 
• Design constraints
• Budget & Time

One interesting solution to explore is the use of 
Metamaterials for damping

More on BWS: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
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Metamaterials
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Metamaterials
We take a material: e.g., a dielectric crystal

When an external field is 
applied, the material reacts 

with its atoms polarizing

MACROSCOPIC response with 
the susceptibility model!

Material characterized by: 
ELECTRIC PERMITTIVITY

(depending on how the 
atoms polarize!)

𝒆
(𝒕)

No 
external 

excitation

External 
Electric 

field

𝒑(𝒕)
D(r,ω) = 𝜀 𝒓, 𝜔 𝑬(𝒓, 𝜔)

𝜀𝑟 = 1 + 𝜒𝑒 = 1 +෍

𝑗

𝑓𝑗𝜔𝑝𝑗
2

𝜔𝑗
2 − 𝜔2 + 𝑗𝛾𝑗𝜔

Homogenization 
procedure

Lorentz model
(damped driven coupled oscillators)

15
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Metamaterials
1. Artificial crystal 
We design material 

“meta-atoms” and arrange 
them in a lattice!

“meta-atoms” significantly 
smaller than the EM 

wavelength

2. Effectively homogeneous 

Å dimension range

E.g.

Maxwell’s eq. do not have any 
preferential scale.

3 mm

but

@ 10 GHz → 𝜆 = 30 mm

16
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Metamaterials
1. Artificial crystal 
We design material 

“meta-atoms” and arrange 
them in a lattice!

“meta-atoms” significantly 
smaller than the EM 

wavelength

2. Effectively homogeneous 

Standard PCB 
technology

3 mm

Copper layer
(35 μm)

FR4 substrate
(1.5 mm)

Å dimension range

E.g.

Maxwell’s eq. do not have any 
preferential scale.

3 mm

but

@ 10 GHz → 𝜆 = 30 mm
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Metamaterials

Standard PCB 
technology

3 mm

Copper layer
(35 μm)

FR4 substrate
(1.5 mm)

E.g.

3 mm

@ 10 GHz → 𝜆 = 30 mm

Edge Coupled 
Split Ring 
Resonator

The resonant behavior is given by the 
“circuit-like” nature of the unit cell 

which is intrinsically sub-wavelength

Microwave circuit component

18
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Metamaterials
E.g.

3 mm

@ 10 GHz → 𝜆 = 30 mm

E

H

k

TM plane wave

19

BE-ABP-CEI leonardo.sito@cern.ch Metamaterial absorbers for beam-coupling impedance mitigation

z

x



Metamaterials
E.g.

3 mm

@ 10 GHz → 𝜆 = 30 mm

E

H

k

TM plane wave

H field normal to the 
rings plane

H

Isolines 𝑎𝑏𝑠(𝑯)

Oscillating currents 
induced in the rings

Surface currents

20
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Metamaterials
E.g.

3 mm

@ 10 GHz → 𝜆 = 30 mm

E

H

k

TM plane wave

H field normal to the 
rings plane

H

Isolines 𝑎𝑏𝑠(𝑯)

Oscillating currents 
induced in the rings

Surface currents
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Metamaterials
E.g.

3 mm

@ 10 GHz → 𝜆 = 30 mm

E

H

k

TM plane wave

H field normal to the 
rings plane

H

Magnetic dipole

Top view of H field

Average response of the material: 𝜇𝑟,𝑧𝑧 = 1 + 𝜒𝑚,𝑧𝑧 = 1 +෍

𝑗

𝑓𝑗𝜔
2

𝜔𝑗
2 − 𝜔2 + 𝑗𝛾𝑗𝜔

y

z

x

The Lorentz oscillation is defined by 
the oscillation frequency of the 

dipole!

Now it’s us choosing what dipolar 
response the meta-atom have! 22
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Metamaterials
Is this happening in reality?

Effective parameter retrieval methods → Nicholson-Ross-Wier

Relation of Scattering Matrix to Reflection and 
Transmission at interface: 

Fabry-Perot multiple reflection theory𝜀0, 𝜇0 𝜀0, 𝜇0
𝜀 𝑟
,𝜇

𝑟

P
o
rt

 1

P
o
rt 2

𝑆11

𝑆21

Γ
𝑇

𝐿1 𝐿2𝑑

𝒌

DUT

DUT

23
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Metamaterials

Full wave simulation with 
frequency domain solver 

(CST)

In Air 
+

TM plane wave Excitation 
+ 

Infinite Periodic Structure

To VNA

To VNA

Production and measurement
in WR90 waveguide

In waveguide 
+ 

Finite Periodic Structure

Dismountable 
waveguide

Is this happening in reality?

Effective parameter retrieval methods → Nicholson-Ross-Wier

24

BE-ABP-CEI leonardo.sito@cern.ch Metamaterial absorbers for beam-coupling impedance mitigation



Metamaterials

Full wave simulation with 
frequency domain solver 

(CST)

In Air 
+

TM plane wave Excitation 
+ 

Infinite Periodic Structure

To VNA

To VNA

Production and measurement
in WR90 waveguide

In waveguide 
+ 

Finite Periodic Structure

Dismountable 
waveguide

Is this happening in reality?

Effective parameter retrieval methods → Nicholson-Ross-Wier

• Resonant behaviour
• Frequency region with high losses

Tuning absorption! 25

More on production and measurement: CEI Section Meeting 18 Jul 2024

More on modelling and simulations: CEI Section Meeting 31 Aug 2023
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https://indico.cern.ch/event/1423767/
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What now?

01Physical insights
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What now?

01

02

Physical insights

Proof of principle

Design of a test stand

30
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High Q factor

Design of Experimental Setup
Study of principle on beam-coupling impedance

Need of a “test” device:

• Source of geometrical impedance

• High conductivity material

• Openable

• Easy to manufacture

Longitudinal and 
Transverse modes

Allow insertions of MTMs
Low-cost R&D

(<1 kCHF)

Pillbox Cavity

31
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The Test Cavity
Fundamental Mode TM010 ~ 2 GHz Longitudinal Impedance (𝑍𝑧)

Transverse Dipolar 
Impedance (𝑍𝑥

𝑑𝑖𝑝, 𝑍𝑦
𝑑𝑖𝑝)

Al 2017A T451
19.2 MS/m

11
7 

m
m

20 mm

Tuners’ position

40 mm

M6 screws

First HOM TM110 ~ 3 GHz

(Rs, Q) ≈ (540 kΩ, 7900)

(Rs, Q) ≈ (14 MΩ/m, 8000)

32
More on measurements: - CEI Section Meeting 17 Aug 2023

- Journal Paper IEEE TIM
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https://indico.cern.ch/event/1314338/
10.1109/TIM.2024.3458042
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Longitudinal impedance damping

1. Far from the beam

• Rings in high H field region
• Rings oriented transverse to the H field

E H

2. Couple as much field as possible

Proof of principle:
Positioning

Beam axis

H

2 Metamaterial slabs
(40 mm x 10 mm)

34
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Longitudinal impedance damping
Proof of principle:

MTM Design Metamaterial cell designed for resonating at 2 GHz

RO3010
(0.64 mm)

Cu (18 μm)

8.7 mm

0.6 mm

10 mm

10
 m

m

6.
5 

m
m

0.
8 

m
m

Metamaterial slab
(40 mm x 10 mm)

35
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Longitudinal impedance damping
Proof of principle:

Test

Empty cavity

≈ 540 kΩ

36
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Longitudinal impedance damping
Proof of principle:

Test

Empty cavity Loaded cavity

≈ 540 kΩ
≈ 40 kΩ

• One order of magnitude impedance reduction

• Mode splitting: two coupled resonators

37
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What now?
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02

Physical insights

Proof of principle
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What now?

01

02

03

Physical insights

Higher losses

Proof of principle

Design of a test stand
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Longitudinal impedance damping
Higher losses:

MTM Design Introducing higher resistive losses with an SMD resistor

0.8 mm

0.
6 

m
m RO3010

(0.64 mm)

Cu (18 μm)

10 mm

10
 m

m

8 
m

m
5.

8 
m

m
Metamaterial slab
(40 mm x 10 mm)

Resistor (100 Ω)

40
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Longitudinal impedance damping
Higher losses:

Test

Loaded cavity 
(normal MTM)Empty cavity

≈ 540 kΩ
≈ 40 kΩ

41
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Longitudinal impedance damping
Higher losses:

Test

Loaded cavity 
(normal MTM)Empty cavity

≈ 540 kΩ
≈ 40 kΩ

• Almost three orders of magnitude impedance reduction!

• Mode splitting greatly reduced!

Loaded cavity 
(High losses MTM)

≈ 1.7 kΩ

42
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What now?

01

02

03

Physical insights

Higher losses

Proof of principle
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What now?

01

02

03

04

Physical insights

Higher losses

Transverse Impedance 
and selectivity

Proof of principle

Design of a test stand
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Transverse impedance damping

1. Far from the beam

• Rings in high H field region
• Rings oriented transverse to the H field

2. Couple as much field as possible

Transverse Impedance: 
Positioning

H

(Vertical polarization of the 
TM110 mode)

H

2 Metamaterial slabs
(40 mm x 10 mm)

Slab position and overall size stay the same
=

Helps comparison!
45
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Transverse impedance damping

4.1 mm

0.6 mm

Cu (18 μm)

10 mm

10
 m

m
0.

6 
m

m

6.5 mm

Metamaterial slab
(40 mm x 10 mm)

Transverse Impedance: 
MTM Design Metamaterial cell designed for resonating at 3 GHz

RO3010
(0.64 mm) 46
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Transverse impedance damping
Transverse Impedance: 

Test

Less than 20% reduction 
shunt impedance 
longitudinal mode

More than 1 order of 
magnitude reduction shunt 
impedance transverse mode

Longitudinal

Transverse

Empty cavity Loaded cavity

≈ 540 kΩ ≈ 400 kΩ

< 1 MΩ/m

47
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≈ 14 MΩ/m

Achieved reduction of impedance selectively!



What now?
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02

03

04

Physical insights

Higher losses

Transverse Impedance 
and selectivity

Proof of principle

Design of a test stand
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What now?
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02

03

04

Physical insights

Higher losses

Transverse Impedance 
and selectivity

Proof of principle

Design of a test stand
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05

Feasibility studies
(in simulation)
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1. Power handling



Power Handling Capabilities

50

Main concern: metal layer of shown MTM slabs is in the order of micron 

Capacitive loaded Split Ring Resonators:

1. Bulk elements
2. Larger choice of materials 

(both substrate and metal)

Empty cavity
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Power Handling Capabilities

51

Main concern: metal layer of shown MTM slabs is in the order of micron 

Loaded cavity 
(bulk MTM)Empty cavity

• Almost two orders of 
magnitude impedance 
reduction!

• Greater mode splitting!
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Capacitive loaded Split Ring Resonators:

1. Bulk elements
2. Larger choice of materials 

(both substrate and metal)



Power Handling Capabilities

52Power dissipated per single slab

Thermal study: 
• Normalized power distribution from beam-induced heating load
• Slabs isolated in space (only thermal radiation allowed) 
• Main difference: thermal contact metal/substrate

Thermal map 
with 1 W
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147 ˚C 143 ˚C

PCB-based (good contact) Bulk (bad contact)

214 ˚C

97 ˚C
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05

Feasibility studies
(in simulation)

BE-ABP-CEI leonardo.sito@cern.ch Metamaterial absorbers for beam-coupling impedance mitigation

1. Power handling
2. Application example



SPS Beam Wire Scanner
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SPS Beam Wire Scanner
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19 W average power 
dissipated on the 

structure

35 μm carbon wire

Steel housing and shaft

Dielectric
insulator

With LIU beam: 
• 4 trains of 72 bunches
• 2.3e11 protons per bunch
• 1.65 ns bunches
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Power loss 
computations 

(powered by bihc)

https://github.com/ImpedanCEI/BIHC


SPS Beam Wire Scanner

56Can we divert power from the wire to metamaterial insertions?

Power loss 
computations 

(powered by bihc)
19 W average power 

dissipated on the 
structure

15.3 W (80%) 
dissipated on the wire

35 μm carbon wire

Steel housing and shaft

Dielectric
insulator

With LIU beam: 
• 4 trains of 72 bunches
• 2.3e11 protons per bunch
• 1.65 ns bunches

(Mostly by two modes: 0.53 GHz and 0.65 GHz )
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https://github.com/ImpedanCEI/BIHC


SPS Beam Wire Scanner
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35 μm carbon wire

Steel housing and shaft

Dielectric
insulator

• Aluminum nitride (AlN) substrate = dielectric and good thermal conductivity
• Metal rings = magnetic coupling
• Graphite = dielectric losses
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SPS Beam Wire Scanner
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35 μm carbon wire

Dielectric
insulator
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35 μm carbon wire

Dielectric
insulator

Now “Dielectric” includes 
graphite

6.6 W dissipated on the wire
(nearly 1/3 reduction)

• Diverted power away from sensitive components into metamaterials

• Dielectric losses but magnetic coupling

16.8 W average power dissipated 
in the whole structure

BE-ABP-CEI leonardo.sito@cern.ch Metamaterial absorbers for beam-coupling impedance mitigation
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4. Conclusions & Next Steps
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Conclusions:
Explore alternatives for beam-coupling impedance mitigation (Metamaterials)

1. Design and production of an appropriate test setup – Pillbox cavity

2. With MTM insertions:

1. Proved damping of longitudinal beam coupling impedance 

2. Proved increased losses damp longitudinal beam coupling impedance

3. Proved selective mode damping

4. Proved dipolar impedance damping

3. Power handling studies

Next steps:

1. Power handling capabilities in an experimental scenario

2. Vacuum compliance

3. Implementation in an operating device
63
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Thank you for your time!
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Parameter retrieval

X. Chen et al., “Robust Method to retrieve the constitutive effective parameters of metamaterials” → Method implemented in CST

𝜀0, 𝜇0 𝜀0, 𝜇0

𝜀 𝑟
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Relation of Scattering Matrix to Reflection and Transmission at interface: Fabry-Perot multiple reflection theory

𝑅1,2 = 𝑒−𝑗𝑘𝑧0𝐿1,2 De-embedding term

From Reflection and Transmission to impedance and index of refraction: Transmission line theory
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Branching issue of the 

complex log

(
𝜆

2
resonance)

F. Costa et al., “Electromagnetic Characterisation of Materials by Using Transmission/Reflection (T/R) Devices”

Nicolson-Ross-Wier method

Same idea we use for typical material measurements (see Maria’s talk last year: https://indico.cern.ch/event/1324614/)



How to solve branching:
Two possibilities (there are more available) implemented:

1. Try not to reach the 
𝜆

2
ambiguity

2. Stepwise method for automatic determination of the branch

F. Costa et al., “Electromagnetic Characterisation of Materials by Using Transmission/Reflection (T/R) Devices”

Resonance region

6 𝑚𝑚
3𝑚𝑚

When there are 2 rings in the propagation 

direction are not working as expected. 

• We would have 
𝜆

2
ambiguity

• The rings are coupling between each 

other in the direction of propagation



Resonant Impedance Simulations
• Not easy to simulate properly with Wakefield Solvers:

1. Very high Q factor of resonant modes → Long Wavelength

2. With MTM insertions → High number of mesh cells

IDDEFIX allows to:
Simulate a non-fully 

decayed wake

“Reconstruct” the 

impedance

In my case:

Bl = 20 mm → We want to see some HOMs

#Meshcells = 1.7e6 → We need to resolve the 

tuners

For the TM010, with a Q of 8000, one would need a 

WL = 2000m

(Estimated time: 30 to 40 hrs (if not unstable!))

Let’s do a simulations 

with WL = 200 m (8073 s  

( = 2 h, 14 m, 33 s ))

More on benchmark of IDDEFIX in: 2nd Wakis User Meeting

We lose the resistive wall 

component

CST Eigenmode solver

CST Wakefield solver

https://github.com/ImpedanCEI/IDDEFIX
https://github.com/ImpedanCEI/IDDEFIX
https://indico.cern.ch/event/1531249/


Example: 
Workflow for a Pillbox Cavity

Aluminum Pillbox with Tuners

𝑓0 𝑇𝑀010 = 2.02 𝐺𝐻𝑧

𝑓0 𝑇𝑀110 = 3.00 𝐺𝐻𝑧

For a proper simulation:

Bl = 20 mm → We also want to see some other HOMs

#Meshcells = 1.7e6 → We need to resolve the tuners correctly

For the TM010, with a Q of 8000, one would need a WL = 2000m

(Estimated time: 30 to 40 hrs (if not unstable!))

Let’s do a simulation with WL = 200 m 

(8073 s  ( = 2 h, 14 m, 33 s ))



Example: 
Workflow for a Pillbox Cavity

Let’s do a simulation with WL = 200 m 

(8073 s  ( = 2 h, 14 m, 33 s ))

Let’s go into the post processing:



Example: 
Workflow for a Pillbox Cavity

More post-processing:



The Test Cavity
Fundamental Mode TM010 ~ 2 GHz

First HOM TM110 ~ 3 GHz

Longitudinal Impedance (𝑍𝑧)

Transverse Dipolar Impedance (𝑍𝑥
𝑑𝑖𝑝

, 𝑍𝑦
𝑑𝑖𝑝

)

1. Wireless method working nicely

2. Transverse Impedance with Bead pull of HOM

C. Antuono, et al. "A wireless method to obtain the longitudinal beam impedance from scattering 
parameters." arXiv preprint arXiv:2406.10105 (2024).

More on Transverse Bead pull: - CEI Section Meeting 17 Aug 2023
- Journal Paper IEEE TIM

https://arxiv.org/abs/2406.10105
https://indico.cern.ch/event/1314338/
10.1109/TIM.2024.3458042


Metamaterial Absorbers (MMA)
Insertions of (3 different) metamaterial slabs in a pillbox cavity. 

Mode’s peak 

reduction and red 

shift

M.R. Masullo, “Metamaterial-Based Absorber for the reduction of Accelerator Beam-Coupling Impedance”

Alumina (A,B) and G10 (C)

• No equivalent medium approach used. 

Possible only in small structures with “big” unit cells. 

• No considerations on vacuum compatibility of 

the substrates.

• No considerations on high power behavior.

• Not clear yet if CST allows for an accurate 

equivalent modelling 

• 4 “big” slabs in the cavity



Metamaterial Absorbers (MMA)

• Reduced conductivity to  1e4 MS/m

• “Only” 42 million mesh cells → 2 days in SLURM

• Peaks seen in measurements are well reproduced by the 

Wakefield simulations in terms of frequency

From a discussion with Andrea Passarelli:

Up to now only frequency domain simulation and measurements

M.R. Masullo, “Metamaterial-Based Absorber for the reduction of Accelerator Beam-Coupling Impedance”



Longitudinal impedance dumping: 
mode splitting

𝑑𝑎

𝑑𝑡
= j𝜔𝑎 − 𝛾𝑎 a + 𝜅𝑏

𝑑𝑏

𝑑𝑡
= j𝜔𝑏 − 𝛾𝑏 b + 𝜅𝑎

Resonator equation: cavity

Resonator equation: MTM

𝑎, 𝑏 are amplitudes of cavity mode and MTM mode

𝜔𝑎, 𝜔𝑏 are angular frequency of cavity mode and MTM mode

𝛾𝑎 , 𝛾𝑏 are dumping constant of cavity mode and MTM mode

Eigensolutions of the system:

𝜔± =
෦𝜔𝑎 + ෦𝜔𝑏

2
±

෦𝜔𝑎 − ෦𝜔𝑏

2

2

+ 𝜅2

෦𝜔𝑖 = 𝜔𝑖 − 𝑗𝛾𝑖

𝛾𝑖 =
𝜔𝑖

2𝑄𝑖

With fixed parameters of the 

cavity:

High losses reduce mode 

coupling


