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Introduction

“PERFORMANCE”
BAR

v

POOR

The EM interaction between
particle beam and vacuum chamber
T Higher intensities becomes significant!

T Shorter bunches

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:

Beam pipe and discontinuity
le(t)| =0

* Z
Particle bunch field:
le(t)] \
Particle bunch field: 1. Energy dissipation
/ le(®) > 2. Emittance growth
3. Beam instabilities
It can excite Trapped EM modes can
- et .- endure across several
EM modes in "parasitical" cavities.
bunch passes.

The following bunches will “feel” this ] 5
field and may contribute to it!
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Geometric Wake fields:

Need for a more “compact” description!

Energy gained or lost by a “test-particle” entering
with a certain delay after the source bunch!

Damped oscillator behavior

v/m
le+06

—

>
100000 g 0‘50
—
2. 0.25F
10000 = : ; :
§ 000k —
1000 E ; : : : : : :
© —0.25 |
£
<
100 :g —0.50 i e e Eem——
i i | I i I i i
o N 0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5
FFT Entrance delay time [ns]

(Longitudinal)
beam-coupling impedance

* Opportunely normalized



BE-ABP-CEI

leonardo.sito@cern.ch

Metamaterial absorbers for beam-coupling impedance mitigation

v/m
le+06

>
100000
10000

1000

100

* Opportunely normalized

Geometric Wake fields:

Need for a more “compact” description!

Energy gained or lost by a “test-particle” entering
with a certain delay after the source bunch!

l

Wake Potential [V/pC|

FFT*

(Longitudinal)
beam-coupling impedance

|
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Damped oscillator behavior

i i i i i
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Frequency [GHz]

A

4 )
With realistic cavities

(e.g., Q=1e4)

Around 10 ps for the

wake to decay

Long and unstable
computations
Solved with IDDEFIX.

More in:

IDDEFIX
2nd Wakis User Meeting

-

7/


https://github.com/ImpedanCEI/IDDEFIX
https://github.com/ImpedanCEI/IDDEFIX
https://indico.cern.ch/event/1531249/
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Beam-Coupling Impedance

Convenient to account for wake fields in frequency domain:

Beam-coupling impedance
(complex vector quantity)

Longitudinal (z) impedance \
of an EM resonance

Similar approach for
Transverse (X, y) impedance,
which acts on the transverse
plane!

1500

S 1000 -

RE(ZZ)

500 -

Frequency [GHz|
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Mitigation solutions:

“Reduce” the EM fields that can by excited by the beam:

: : . N
I' A. Geometrical design optimization: | |' B. Damping of the EM fields: ‘l
| :

: « Avoiding resonant modes existence | | E.g., SPS Beam-Wire Scanners :
;= Atleast changing the R/Q | : 10000 _ — :
.\ ’I : g 300‘\ — No Ferrltes: ~ ] I
| g 200 :

Only design phasel! : = 100y I N |

: %0 0.5 1.0 I

| Frequency [GHz| |

\ I

N 7

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:

( N . :
, A. Geometrical design optimization: | [ Absorbing material B. Damping of the EM fields: ‘l
| (Ferrite, SiC...) _
: « Avoiding resonant modes existence L - E.g., SPS Beam-Wire Scanners :
;= Atleast changing the R/Q | : ' 10000 - — ,
] o~ ~= —— No Ferrites e
N e e e e e e e e e e M M =0 S 300 I
I A g 200 :
Only design phase! : » * ® 10 |
) %.0 I
I
| Flequen(,} (GHz| |
\ 0‘% '
-\ _ ___ 7

10

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:

{ . . _ S \ 4 . . \

: A. Geometrical design optimization: |' Absorbing material B. Damping of the EM fields: I
| (Ferrite, SiC...) )

: « Avoiding resonant modes existence P - E.g., SPS Beam-Wire Scanners :

;= Atleast changing the R/Q ! : ' 10000.— - |

] - ~ —— No Ferrites

S - | %‘ 300 5 Ferrites + Coupler :

| g 200 :

Only design phase! : , ‘ ® 100 | : !

: )W .0 0.5 1.0 I

| Frequency [GHz] |

\ 0‘% :

-\ _ _ _ -t 7

Common techniques might be limited:
* High frequencies
* Design constraints
* Budget & Time 11

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:

{ . . _ S \ 4 . . \

: A. Geometrical design optimization: |' Absorbing material B. Damping of the EM fields: I
| (Ferrite, SiC...) )

: « Avoiding resonant modes existence ;| | - E.g., SPS Beam-Wire Scanners :

;= Atleast changing the R/Q ! : ' 10000.— - |

] - ~ —— No Ferrites

S - | %‘ 300 5 Ferrites + Coupler |

| g 200 :

Only design phase! : 0®"\ ® 100 ‘ |

: )3 .0 0.5 1.0 |

| Frequency [GHz] |

\ 0‘% '

-\ _ _ _ -t 7

é . . . . N
One interesting solution to explore is the use of /
Metamaterials for damping

. J 12

More on BWS: https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
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Metamaterials

14
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materials

We take a material: e.g., a dielectric crystal MACROSCOPIC response with
the susceptibility model!

D(r,w) = ¢(r, w)E(r, w)

N W IEC N T

| | = . | Homogenization _ _
N .u A — | & A procedure Material characterized by:
_ 3 . ELECTRIC PERMITTIVITY
: : : : (depending on how the
' ' ' ' atoms polarize!)
No External - »
external Electric g
excitation field

Lorentz model
(damped driven coupled oscillators)

When an external field is

applied, the material reacts f
=14+y.,=1+ z ! p]

with its atoms polarizing
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Metamaterials

4 o N 4 . D)
1. Artificial crystal 2. Effectively homogeneous

) We desigT material . R di ion-range > “meta-atoms” significantly
meta-atoms” and arrange smaller than the EM

. . but
them in a lattice! A wavelength
N\ J Maxwell’s eq. do not have any \ J

preferential scale.

E.g. @ 10GHz> 1=30mm

16
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Metamaterials

4 o N 4 . D)
1. Artificial crystal 2. Effectively homogeneous

) We desigT material . R di ion-range > “meta-atoms” significantly
meta-atoms” and arrange smaller than the EM

. . but
them in a lattice! A wavelength
N\ J Maxwell’s eq. do not have any \ J

preferential scale.

E.g. @ 10GHz> 1=30mm N

Copper layer
(35 um)

FR4 substrate
(1.5 mm)

ABbojouyosy
dOod plepuels
Y

17
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Metamaterials

Eg9. @10GHz>A=30MM N
A I »» | Microwave circuit component
Copper layer Lo
35um) , & 3
| 3 & _ Edge Coupled
O = . .

FR4 substrate ! 5 < Split Ring

(1.5 mm) e 8 Resonator
w

The resonant behavior is given by the
R “circuit-like” nature of the unit cell
H which is intrinsically sub-wavelength
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Metamaterials

E.g. @ 10GHz > 1 =30 mm

r‘; “

|

i

J

)

g
3

=\

mm

TM plane wave
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Metamaterials

E.g. @10 GHz > A =30mm P e |
Isolines abs(H)

H field normal to the
rings plane

™ plane wave S\ Surface currents

Oscillating currents
induced in the rings
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Metamaterials

E.g. @ 10GHz> A2=30mm P e |

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
—’

H field normal to the
rings plane

TM plane wave N

\
\
\
\
\
\
\
\
v

Oscillating currents
induced in the rings

%’X 21
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Metamaterials

ALl (A
PR |

H field normal to the
rings plane

Top view of H field

= 30 mm

TM plane wave

Eg @10GHz—> 4

2
wi — w? + jyjw

the oscillation frequency of the
dipole!

The Lorentz oscillation is defined by

Average response of the material:  Urzz =1+ Ymzz =1+ Z
J

22

]

Now it's us choosing what dipolar
response the meta-atom havel!

[
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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 theory

23
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Metamaterials

Is this happening in reality?

Effective parameter retrieval methods = Nicholson-Ross-Wier

Production and measurement
== = Simulated (CST . .
R ' in WR90 waveguide
To NA

Full wave simulation with
frequency domain solver
(CST) sboa
=) ,/ \ ]
T r 1 /"
xr \
0r \ e ———— 1 f
SN ] ~o y
—— T T T Dismountable
5 AN waveguide
- 1N
~
= ~
U — o o ————
9 10 11 12
In Air Frequency [GHz|
+ In waveguide
TM plane wave Excitation o+
+ Finite Periodic Structure

Infinite Periodic Structure
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More on modelling and simulations: CEI Section Meeting 31 Aug 2023

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

Metamaterials

Is this happening in reality?

Effective parameter retrieval methods = Nicholson-Ross-Wier

Full wave simulation with = Measured s Production and measurement
. == = Simulated (CST . .
frequency domain solver . in WR90 waveguide
I T T ]
CST I ]
(CST) A ! ! ) To VNA

“q-)’ ﬂ ‘ 1 N v

~ 0r I \ =
| T
1 I. | P i PR 1 PR 1
. I T ] i T Dismountable

sp1 "\\ I 8 waveguide

TP INS

E [ 1L/ N\
.I PR I\ MRS B 1
9 10 11 12

In Air Frequency [GHz|
+ : In waveguide
- - °
TM plane wave Excitation Resonant behaviour +

Frequency region with high losses Finite Periodic Structure

+
Infinite Periodic Structure

——> Tuning absorption! 25
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3. Metamaterials as mode absorbers

1. Design and production of experimental setup

2. Proof of principles:

* Longitudinal Beam Coupling Impedance Damping
« Transverse Beam Coupling Impedance Damping

3. Preliminary feasibility studies
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What now?

Physical insights

29
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What now?

02
S Proof of principle c?

Physical insights @ j

xX%x<S
il

Design of a test stand

30
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Design of Experimental Setup

Study of principle on beam-coupling impedance

4 Need of a “test” device:

Longitudinal and
Transverse modes

* Source of geometrical impedance ———

Pillbox Cavity < High Q factor — High conductivity material

* Openable » Allow insertions of MTMs
Low-cost R&D

\_ (<1 kCHF)

Easy to manufacture

31
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The Test Cavity

Fundamental Mode TM010 ~ 2 GHz «—— Longitudinal Impedance (Z,)

Al2017A T451 - (Rs, Q) = (540 kQ, 7900)
19.2 MS/m 7/ . Tuners’ position
- ‘ S 10°
- = L —— (ST, Wakefield
~ —— CST, Eigenmode
N —4 :
g =N 10 // \\ Measurement
N D'é — e ——
- 10-8 EC L T
L *\ M6 screws 16 18 20 22 24
Frequency [GHz]
First HOM TM110 ~ 3 GHz o o
Transverse Dipolar jK =)
dip ,dip ——— S~ 107t &
Impedance (Z,", Z,") — o 5
(Rs, Q) = (14 MQ/m, 8000) > 10-8 ~
2.8 3.0 3.2
Frequency [GHz]
More on measurements: - CEI Section Meeting 17 Aug 2023 32

- Journal Paper IEEE TIM


https://indico.cern.ch/event/1314338/
10.1109/TIM.2024.3458042
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What now?

02
S Proof of principle c?

Physical insights @ j

xX%x<S
il

Design of a test stand

33
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2 Metamaterial slabs
(40 mm x 10 mm)

Proof of principle: c?
Positioning

Beam axis

E H

1. Far from the beam
2. Couple as much field as possible

|

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

34
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Longitudinal impedance damping

Proof of principle: Oa
MTM Design

Metamaterial slab
(40 mm x 10 mm)

0.6 mm

¥ RO3010
(0.64 mm)

)
= 40 |
™
& 80
X

3
<0

|

Metamaterial cell designed for resonating at 2 GHz

I VANSE
I ek
1 2 3 4 5)

Frequency (GHz)

35
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Longitudinal impedance damping

Proof of principle: c?
—— CST, Wakefield
TeSt —— CST, Eigenmode

Measurement

Empty cavity
106 e o o o o e o e o o e L e -]
g ‘ = 540 kQ
< 103
S 10
=
ol AN

1.6 1.8 2.0 2.2 2.4
Frequency [GHz|

36
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Longitudinal impedance damping

Proof of principle: c?
Test

Re(Z,) [9]

—— CST, Wakefield
—— CST, Eigenmode

Measurement
Empty cavity Loaded cavity
106 NN AU NN N SN . SR QU S USRS O SO . S—— RN ARRG S FNL  E.J .JF MO.J O U S
=b40kQ | @ pemmmmmEesmssrsmmm—rm s s
PUAL
100...../&.... /......\.\
1.6 1.8 2.0 2.2 24 1.6 1.8 2.0 2.2 24

Frequency [GHz| Frequency [GHz]

* One order of magnitude impedance reduction

* Mode splitting: two coupled resonators

37
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What now?

02
S Proof of principle c?

Physical insights @ j

xX%x<S
il

Design of a test stand
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What now?

1”” Higher losses

07/
‘- MY Proof of principle Oa

Physical insights @ j Design of a test stand

39
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Longitudinal impedance damping

Higher losses: c?
MTM Design Introducing higher resistive losses with an SMD resistor

Metamaterial slab

(40 mm x 10 mm) = oﬁ — -
= . ]
: 5 \ /
- \ " i
T V/.\. T
S / N
<
—H= Resistor (100 Q) 2 4
Frequency (GHz
Cu (18 um) ( )
RO3010
(0.64 mm)

40
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Longitudinal impedance damping

Higher losses: c?
Test —— CST, Wakefield

— CST, Eigenmode

Measurement

Loaded cavity

Empty cavity (normal MTM)

106 RPN RPN DL N DL .. J S, S S R S RN RPN QPO DL . J .S S SR S g
= ~B40KQ |  fmmmmmmemmmmmpermm—be—mee
= " A- ~ 40 kQ
$ 10
g

100 T . ../ P P / L L \

1.6 1.8 2.0 2.2 24 16 1.8 2.0 2.2 24
Frequency [GHz| Frequency [GHz]

41
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Longitudinal impedance damping

Higher losses: c?

Test — CST, Wakefield
— CST, Eigenmode
Measurement
Loaded cavity Loaded cavity
Empty cavity (normal MTM) (High losses MTM)
106 e o o o o e o o o o e ] e o o o o e o e o o e L e ] o o o o o e i — ]
o l =b40kQ | pemmmmmEmmmmmrepmmmre e
—_ A- ~ 40 kQ =~ 1.7 kQ
g 10° UR) (R T S 5 o SSU
N
& % — ——
1.6 1.8 2.0 2.2 24 1.6 1.8 2.0 2.2 24 1.6 1.8 2.0 2.2 2.4
Frequency [GHz] Frequency [GHz| Frequency [GHz]

* Almost three orders of magnitude impedance reduction!

* Mode splitting greatly reduced!
472
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What now?

1”” Higher losses

02
MY Proof of principle Oa

Phy5|cal insights @ j

xX%x<S
il

Design of a test stand

43
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What now?

Transverse Impedance

and selectivity @/ @ ,
02

‘- WY Proof of principle O‘O

/e

1”” Higher losses

Physical insights

DeS|gn of a test stand

44
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Transverse impedance damping

Transverse Impedance: o

- . 2 Metamaterial slabs
Positioning O A - A (40 mm x 10 mm)
& : ,;/’ " : ,;:
o o
1 1
1 1
1 1
1 1

(Vertical polarization of the
TM110 mode)

&

1. Far from the beam
2. Couple as much field as possible

|

* Rings in high H field region Slab position and overall size stay the same
* Rings oriented transverse to the H field —

Helps comparison!

45
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Transverse impedance damping

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

|

Metamaterial slab

(40 mm x 10 mm) %‘ O:L - - -(A ,,,,,,,,,, .
= =50 |
w0 T - .
S A ;
2 4

Frequency (GHz)

Cu (18 um)

RO3010
(0.64 mm)

46
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Transverse impedance damping

Transverse Impedance:

Test

Longitudinal

Transverse

Empty cavity Loaded cavity

-

Achieved reduction of impedance selectively!

—— CST, Wakefield

— CST, Eigenmode
Measurement

Less than 20% reduction
shunt impedance
longitudinal mode

More than 1 order of
magnitude reduction shunt
impedance transverse mode

47
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What now?

Transverse Impedance

and selectivity @/ @ ,
02

‘- WY Proof of principle O‘O

/e

1”” Higher losses

Physical insights

DeS|gn of a test stand

48
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What now? oV

Transverse Impedance

> o
y 4
and selectivity @/
@ Feasibility studies ﬂ
z'f Higher losses @ (in simulation)

07/
‘- MY Proof of principle Oa

Physical insights @ j Design of a test stand

1. Power handling

49
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Power Handling Capabilities

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

Gap 0.4mm
Length 3.1 mm

Capacitive loaded Split Ring Resonators: |

1. Bulk elements IS.5 mm
2. Larger choice of materials

(both substrate and metal)

-,
-
-

3min . 9.0mm

1.1mm

Al (19.2MSm~1)

—— ST, Wakefield
— CST, Eigenmode

Empty cavity

106 LA . B RS s . e e ==
l ~ 540 k2

;5103
ol AN

10" =————— e —
1.6 1.8 2.0 2.2 24
Frequency [GHz| 50
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Power Handling Capabilities

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

Gap 0.4mm
Length 3.1 mm

{

Capacitive loaded Split Ring Resonators:

L}
1 <

1. Bulk elements
2. Larger choice of materials
(both substrate and metal)

1
IS.S mlm

-,
-
-

11 mm 3 mm 9.0 mm

Al (19.2MSm~1)

—— ST, Wakefield
— CST, Eigenmode

Empty cavity Loaded cavity

(bulk MTM)
106 e o T e | —— ———— —— ] e o T o | —— —— i —— —— ]
 Almost two orders of ~ ~2 540 k0
magnitude impedance fﬂ\ 10 Tt :;:;q_ ]
reduction! N /\ / \
« Greater mode splitting! x //K ~—
100 \

1.6 1.8 2.0 2.2 24 1.6 1.8 2.0 2.2 2.4
Frequency [GHz| Frequency [GHz] 5 1
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Metamaterial absorbers for beam-coupling impedance mitigation

Power Handling Capabilities

Normalized power distribution from beam-induced heating load
Thermal study: * Slabs isolated in space (only thermal radiation allowed)

* Main difference: thermal contact metal/substrate

PCB-based (good contact) Bulk (bad contact)
Thermal map B 97 °C
with 1 W e
o
147 °C 143 °C 214 °C

T T T T T T T T T
U 600k Temp. range bulk SRR ot
- Temp. range ECSRR PR ]
2 iRl —oapeel
Z 400 e R
< o | _pemess=m L e
a /” *-‘===——__-L——"— ————— =TT
= 200 e - —__|_. ———— .
Q T _ A -
= A

0 2 4 6 8 10

Power [W]

Power dissipated per single slab 52
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What now? oV

Transverse Impedance

> o
y 4
and selectivity @/
@ Feasibility studies ﬂ
z'f Higher losses @ (in simulation)

02
‘- MY Proof of principle O‘O

Physical insights @ j Design of a test stand

1. Power handling
2. Application example

b3
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SPS Beam Wire Scanner

b4
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Metamaterial absorbers for beam-coupling impedance mitigation

SPS Beam Wire Scanner

35 um carbon wire

Dielectric

"‘“L / insulator

Steel housing and shaft

[

—_— ]

—— Empty

= 10°

N

T

. /\ |

0.0

0.2 0.4 0.6 0.8
Frequency [GHz|

1.0

With LIU beam:
4 trains of 72 bunches

* 2.3ell protons per bunch

1.65 ns bunches
Power loss

computations
(powered by bihc)
19 W average power

dissipated on the
structure

bb


https://github.com/ImpedanCEI/BIHC

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

SPS Beam Wire Scanner

35 um carbon wire e
=S With LIU beam:
Dielectric ~ I /\——/\JAM « 4 trains of 72 bunches

10° -
~ i N .
: l / insulator 3 /\ — 2.3el1 protons per bunch

S O et e 1.65 ns bunches
0.0 0.2 0.4 06 0.8 1.0 Power loss

Wire computations
(powered by bihc)

o

(S}
Power loss [W]

Steel
19 W average power
dissipated on the
structure

Radiation

[y

Dielectric

0.0 0.2 0.4 0.6 0.8 1.0
Frequency [GHz|

o

Steel housing and shaft 15.3 W (80%)

A

(Mostly by two modes: 0.53 GHz and 0.65 GHz)

dissipated on the wire

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



https://github.com/ImpedanCEI/BIHC
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SPS Beam Wire Scanner

35 um carbon wire

Dielectric

l . insulator dmm N Top cell: 0.53 GHz

20 mmI \ I )
h I _ J Bottom cell: 0.65 GHz
— 20 mmI ‘ I ) o L
I X 95
AIN —7 j ‘LAIN 0.0 05 1.0

T S N

. Graphite Aluminium Frequency (GHz)

Aluminum nitride (ALN) substrate = dielectric and good thermal conductivity
Metal rings = magnetic coupling
Graphite = dielectric losses

Steel housing and shaft

57
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SPS Beam Wire Scanner

35 um carbon wire

l Dielectric = 10°
~—L i 5 —
" insulator 3 /\ -

0.0 0.2 0.4 0.6 0.8 1.0

Wire

o

(S}
Power loss [W]

Steel

Radiation

[y

Dielectric

0.0 0.2 0.4 0.6 0.8 1.0
Frequency [GHz|

o

58
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Metamaterial absorbers for beam-coupling impedance mitigation

SPS Beam Wire Scanner

35 um carbon wire

Dielectric = 100 4 —_—
: N
/ insulator z —— Loaded —— Empty 16.8 W average power dissipated
00 oz or e Tos o in the whole structure
«: "’_ - | 4 | Wire | ’ E .. .
% Steel 2 4 6.6 W dissipated on the wire
y Radiation P (nearly 1/3 reduction)
\ Y Al MTM 1 E

Dielectric

0.0 0.2 0.4 0.6 0.8 1.0
l Frequency [GHz|

Now “Dielectric” includes
graphite

Diverted power away from sensitive components into metamaterials

Dielectric losses but magnetic coupling

b9



Outline;

3. Metamaterials as mode absorbers

1. Design and production of experimental setup

2. Proof of principles:

* Longitudinal Beam Coupling Impedance Damping
« Transverse Beam Coupling Impedance Damping

3. Preliminary feasibility studies
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Q
c
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n
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c
o
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Outline;

1. The problem: Wake fields and Impedance

2. Exploring new solutions: Metamaterials
1. Definition
2. Working principle

3. Metamaterials as mode absorbers

1. Design and production of experimental setup

2. Proof of principles:

* Longitudinal Beam Coupling Impedance Damping
« Transverse Beam Coupling Impedance Damping

3. Preliminary feasibility studies

4. Conclusions & Next Steps
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Outline:

1. The problem: Wake fields and Impedance

2. Exploring new solutions: Metamaterials
1. Definition
2. Working principle

3. Metamaterials as mode absorbers

1. Design and production of experimental setup

2. Proof of principles:

* Longitudinal Beam Coupling Impedance Damping
* Transverse Beam Coupling Impedance Damping

3. Preliminary feasibility studies

4. Conclusions & Next Steps

=]
(g
)
o
Q
c
(@]
o,
o
5

Apnmis ay |

H
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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



Thank you for your time!
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F. Costa et al., “Electromagnetic Characterisation of Materials by Using Transmission/Reflection (T/R) Devices”

X. Chen et al., “Robust Method to retrieve the constitutive effective parameters of metamaterials” > Method implemented in CST NiCOlSOH'RO S S-Wie]{' metho d

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

Parameter retrieval

port 2

\

I I

| |
| |

— 1 1

g _/ I & o

/\l S11 *g : €0, Lo ) 3 €0, Mo : =t

S R v I b
material | I
| R le SR g
i I L1 L2 I

Relation of Scattering Matrix to Reflection and Transmission at interface: Fabry-Perot multiple reflection theory
—TAr - 1-T?)T-R .
S, = (1 T )F Rl 21 = ( ) 2 R12 = e_szoLl.Z De-embedding term
From Reflection and Transmission to impedance and index of refraction: Transmission line theory
T ™N
N 2
ket Dkesi ket & \1-T
~ 2
c 1 ..
F=Zl—ZO =w/.ur/5r_ 1 T = p—iksad — e_j%‘/m L&, = — _dln =) — Branching issue of the
7 +7 w complex log
1T 4o Ur/er + 1

A
_/ (5 resonance)



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

How to solve branching:

Two possibilities (there are more available) implemented:
1. Try not to reach the % ambiguity

2. Stepwise method for automatic determination of the branch

When there are 2 rings in the propagation
direction are not working as expected.

102 -

10! A Min: 4.16 mm
@ 9.27 GHz

6 8 10 12 14

Ao/2 [mm]

2 .
uency (0 *  We would have > ambiguity
* The rings are coupling between each
T other in the direction of propagation

Resonance region



' CST Eigenmode solver
‘ More on benchmark of IDDEFIX in: 2nd Wakis User Meeting g .

k CST Wakefield solver

\

/
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 Refzonstruct the
decayed wake impedance
In my case: roou0o - T
Bl =20 mm -> We want to see some HOMs ek
#Meshcells = 1.7e6 > We need to resolve the 150000 1
tuners

Let’s do a simulations

=  with WL =200 m (8073 s =—>
For the TMO010, with a Q of 8000, one would need a (=2h,14m, 33s))
WL =2000m

(Estimated time: 30 to 40 hrs (if not unstable!)) . ”"W"‘"’V\/\J WWV"‘“‘M

2010 2015 2020 2025 2030 2035
f [Hz] 1e9

100000 §

Re(Ziongitudinar) [Q]

50000 -

We lose the resistive wall

— ] 5.41e+85 7906 .27 2.824e:89
component 4.276e+09
4.653e+09

3.51e+84 6412 .82
1.53e+84 5495.11



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
£,(TM010) = 2.02 GHz
£,(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 TMO010, 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
200000 200000 A
(8073s (=2h,14m, 335s))
§ 150000 § 150000
Q* 100000 —— Re(Zz) ECSRR not decayed Q« 100000 A —— Re(Zz) ECSRR not decayed
"q-,’ ~—
& 500001 & 50000
|
01 l O-MI\MN\I\NV\I\W
0 1 2 3 4 5 200 201 202 203 204 205

Frequency [GHz] Frequency [GHz]



Example:
Workflow for a Pillbox Cavity

; : : 200000
Let’s do a simulation with WL = 200 m
(8073s (=2h,14m, 33s)) g 150000 {
lemm— —— Re(Zz) ECSRR not decayed \
& 50000
01 | 4
0 1 2 3 4 5

Frequency [GHz]

Let’s go into the post processing:

~t numpy as np
rt pandas as pd

from scipy.constants import c

import iddefix

Nres = 3

wake length = wake len/1e3

frequency data = np.array(Zz _empty[ 'Frequency’ |*
impedance data = np.array(Zz _empty| 'Real’] + 1j%Zz [ "Imaginary’])

wake data = np.array(Wz _empty[ 'Real’])
time data = np.array(Wz _empty[ 's']*1le-3/c)




Example:
Workflow for a Pillbox Cavity

More post-processing:

bounds ( y ), (2000, 10008)
; (100, 10000)
(186, 5000), (4.6

iddefix.EvolutionaryAlgorithm(frequency data=frequency data
impedance data=impedance data
wake_data=wake_data
time_data=time_data
N_resonators=Nres
parameterBounds=bounds
5.41e+85 7906.27 2.024e+09

plane="longitudinal”

wake length=wake length 3.51e+04 6412.82 4.276e+09
\ 4.653e+09

objectiveFunction=iddefix.0ObjectiveFunctions. sumOfSquaredError) °

el fd.run_differential ewvolution(maxiter=36000
popsize=30
tol=8.01
mutation=(8.4, 1.8)
crossover_rate=0.7)

fd.warning)

el fd.run minimization algorithm()




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

More on Transverse Bead pull: - CEI Section Meeting 17 Aug 2023 :

The Test Cavity

Fundamental Mode TMO010 ~ 2 GHz <+—— Longitudinal Impedance (Z,)
First HOM TM110 ~ 3 GHz

< Transverse Dipolar Impedance (Z ,‘f ip, Z;lip)

—— (ST, Wakefield Perturbation Measurement
Al 2017A T451 — (ST, Eigenmode — Stretched Wire Measurement
19.2MSm™! Tuners’ positions . El
o 10° 10° E
: - ) M5 2
T —— — =
) & 1074 e 1071 &
T // g \>-< N — s
g 108 1078 &
L 1.6 1.8 2.0 2.2 24 28 3.0 3.2
—
P M6 screw Frequency [GHz] Frequency [GHz]
Resonant frequency Q Shunt Impedance Resonant frequency Q Shunt Impedance
fr [GHz] R, kO fr [GHz] Ry [MQ]
Wake field (CST) 2.024 7906 541 3.000 8300 15.0
Eigenmode (CST) 2.023 7999 548 3.000 7996 14.3
Bead Pull 2.026 7718 542 ( 3.008 7670 13.53 )
Stretched Wire 2.165 6409 465 3.045 6612 13.50
Wireless Method 2.026 7997 438 ) not possible

1. Wireless method working nicely
2. Transverse Impedance with Bead pull of HOM



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

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

Metamaterial Absorbers (MMA)

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

* No equivalent medium approach used. Mode ° peak
. . e reduction and red
Possible only in small structures with “big” unit cells. <hift

/

* Not clear yet if CST allows for an accurate

equivalent modelling g
o
* 4 “big” slabs in the cavity £
E —— Empty cavity]
—— SRR_8mm
10 15 2.0 25 30 35 40 45 50
Frequency (GHz)
(@)
-20 T T
_______________________ —— Empty cavity
Sample A Px. Al . (A B) d G 1 0 (C) -404 . 5 ——SRR_8mm -
Zext |
= IPy umina an i
d ,:!— ’

Transmittance S, (dB)

Sample B
- — * No considerations on vacuum compatibility of
EET e

the substrates. :

Sample C T T T T
i . . . . 1.8 1.9 2.0 2.1 22 23 2.4
e yl — « No considerations on high power behavior. Brsspuency (GE6)

(a) < () (b)




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

Metamaterial Absorbers (MMA)

2
= . . . .
8 From a discussion with Andrea Passarelli:
g Up to now only frequency domain simulation and measurements
g ;
& —— Empty cavity|
—— SRR_8mm
-120+ T T T T T
1.0 15 20 2.5 3.0 3.5 4.0 4.5 5.0
Frequency (GHz)
25000 —— Empty ..
— MTM > * Reduced conductivity to 1e4 MS/m
200001 *  “Only” 42 million mesh cells 2 2 days in SLURM
g 150001 *  Peaks seen in measurements are well reproduced by the
N 10000 - | Wakefield simulations in terms of frequency
5000 - J l
10 15 20 25 30 35 40 45 50

Frequency [Hz] 1le9



A\
Longitudinal impedance dumping:
mode splitting

Metamaterial
slabs
{40 i x 10 tmm)

With fixed parameters of the

cavity:
0.30 T T T 0.30
—— CST, Wakefield 0.25 0.25
—— CST, Eigenmode g s
Perturbation Measurement 0.20 %N 0.20 g
100 AmPty Covity e e Loaded cavity 0.15 0.15 3
— A 540 k(2 O R R R
=5 l ~ 40k0 0.10 0.10
5108
= /\ M’ ) \ 0.05 0.05
st
1.6 1.8 2.0 2.2 24 1.6 1.8 2.0 2.2 2.4
Frequency [GHz] Frequency [GHz] 0.30 0.30
0.25 0.25
Resonator equation: cavity Eigensolutions of the system: 0.20 ¥ 0.20 ¥
~ d @) 0
a = =
a (jwa — Ya)a 15 i H
—_— —_— —_— —_~\ 2 . ’ i ;
wWg + Wy Wy — Wy + 2 0.10 [ 1 0.10
< Resonator equation: MTM + 2 2 0.05 1-61i8 - 2800

High losses reduce mode

a, b are amplitudes of cavity mode and MTM mode w; = w; — JYi coupling

wgq, wy, are angular frequency of cavity mode and MTM mode ©;
L

Yar Vp are dumping constant of cavity mode and MTM mode



