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Abstract

In this document it has been treated the study of the coupling impedance in modern
devices, already installed or not, in different particle accelerators. In the specific
case:

e For a device in-phase of project, several simulations for impedance calculation
have been done.

o For a component already realized and used, measurements of coupling impedance
value have been done.

Simulations are used to determine the impact of the interconnect between to
magnets, designed for the future particle accelerator FCC, on the overall impedance
of the machine which is about 100 km long. In particular has been done a check
between theory, simulations and measurements of components already built, allowing
a better and deeper study of the component we have analysed. Controls that
probably will be helpful to have a clear guideline in future works. The measurements
instead concern in an existing component that was already used in LHC, the longest
particle accelerator ever realised on the planet, 27 km long. The coupling impedance
measurements, in that case, have been carried out to determine the real influence
that the beam particle has on the material around it self. Material that may have
changed some of its main properties after many hours of work. The study drove
by Diego Ferrazza with the help of the entire research team BE-ABP-HSC and
especially thanks to the constant presence of my two supervisors: Benoit Salvant and
Nicolo Biancacci. Without forgetting the remote supervision of my thesis advisor:
Prof. Andrea Mostacci.
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Estratto

In questo documento viene trattato lo studio dell’impedenza di accoppiamento in
dispositivi tecnologici, gia istallati e non, in differenti acceleratori di particelle. Nel
caso specifico vengono effettuate:

e Per un componente ancora in fase di progetto simulazioni per il calcolo
dell'impedenza.

e Per un componente gia realizzato ed utilizzato misure del valore di impedenza
di accoppiamento.

Le simulazioni servono per determinare 'impatto che il connettore tra due
magneti, progettato per il futuro acceleratore di particelle FCC, ha sull’impedenza
complessiva del macchinario lungo circa 100 km. In particolare & stata fatta una
verifica tra teoria, simulazioni e misure reali di componenti gia realizzati, consentendo
di studiare al meglio e approfonditamente il nostro componente. Controlli che
eventualmente serviranno per avere una linea guida piu chiara nei lavori futuri. Le
misure invece riguardano un componente esistente e gia utilizzato nellLHC che
al momento ¢ il piu grande acceleratore di particelle sul pianeta, lungo 27 km.
Le misure di impedenza di accoppiamento, in tal caso, sono state effettuate per
determinare la reale influenza che il fascio di particelle ha sul materiale che lo
circonda. Materiale che puo aver cambiato alcune delle sue principali proprieta dopo
molte ore di lavoro. Studio realizzato da Diego Ferrazza con 'aiuto di tutto il team
di ricerca BE-ABP-HSC e specialmente grazie alla costante presenza dei miei due
supervisori: Benoit Salvant e Nicolo Biancacci. Senza dimenticare la supervisione in
remoto del mio relatore, il prof. Andrea Mostacci.
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Chapter 1

CERN lab introduction and its
accelerators

The CERN’ laboratory that situates in Geneva, is one of the most important physics
labs in international environment, where people constantly work for future discoveries
and to overreach the boundaries of our knowledge and find new and different shapes
of the particle still unknown. The member states of CERN are Austria, Belgium,
Bulgaria, the Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary,
Israel, Italy, the Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Spain,
Sweden, Switzerland and the United Kingdom. Serbia is an associate member
in pre-stage to membership. India, Japan, the Russian Federation, the United
States of America, Turkey, the European Commission and UNESCO have observer
status. Therefore CERN is an Europeans family but enlarged to the international
environment.

1.1 Accelerators chain

The CERN accelerators chain or complex was shown in

The overall process of the beams was shown step by step below: The protons for
the experiments are taken from a bottle of hydrogen atoms. The protons are then
accelerated in the Linac 2 to the kinetic energy T'= 50 MeV. The second step is
the extraction of the beam from the Linac 2 and the next injection in the Booster
(first ring accelerator) so the intense beams arrive to 1.4 GeV. After that the same
extraction and injection process is done to feed the PS, thus to provide high intensity
beams up to 25 GeV'. Particles are then injected in the SPS so the energy at the
end of acceleration is near to 450 GeV and immediately after injected in LHC, the
largest particle accelerator at our days. The particles in LHC are forward in opposite
directions until the energy is increased to 13 TeV and the beams are brought to
collision. This is the process used still today but in a not far future the collision will
be done with higher energy than the LHC, the FCC.



1.1 Accelerators chain

CERN's Accelerator Complex
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Figure 1.1. Accelerators chain by Science and Technology Facilities Council



1. CERN lab introduction and its accelerators

1.2 FCC particle accelerator

The FCC "Future circular collider" will be the new and main particle accelerator of the
whole chain of accelerators at CERN. This machine will be the largest accelerator of
the world and will be hosted by the CERN lab that already foresees an international
collaboration for its construction. The total circular length is astonishing:
shows about 100 km [I] where, like in LHC there will be two different rings, one for
a clockwise and the other one for counterclockwise run of the beam. The purpose of
both rings is the collision in big experiments inside the FCC.

L )
1
X
g Schematic of an

4 80-100 km
g long tunnel

Figure 1.2. Probable FCC tunnel infrastructure Cern FCC publications

Probably the usual question is: how long will the construction last and when
will be the first collision in one of the experiments? The answers are show below in
a figure which explains approximately the time that CERN people need to finish it:
Figure 1.3

Another important and spectacular novelty about this machine will be the energy
reached during the beams running, 100 TeV (due from the collision between h-h,
e-e or e-h particles) versus the 13 TeV max obtained in the LHC experiment, in
this way we will discover more energetic particles than those discovered until now.
When there will be the injection in the FCC, the LHC will be the last acceleration
step before the injection in it. This brief presentation was made to introduce the

3



1.2 FCC particle accelerator

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035
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Now is the time to plan for the period 2035 — 2040

Figure 1.3. Work plane by CERN FCC publications

component studied in this thesis.



Chapter 2

Interconnect between two
magnets and concerning data

The interconnect between two magnets is the subject analysed in this research.
The purpose of the superconductive magnets outside this element is to turn the
particles inside the FCC so that the beam will follow the trend of the ring during
all the revolution time. Thus this interconnect is the junction that will allow this
bunches run. The studies have been done trough the simulation to discover the
losses. In particular the part under exam for the study of the impedance is the
beam screen cooper, the first material that the beam meets after the vacuum. The
thickness of this beam screen is very little, in particular the max penetration of the
electromagnetic field inside the material is called skin-depth that is the
most important parameter for the real thickness definition. The whole design of this
component was reconstructed by the data shown below:

Tapered transition, from ID 44 mm to BS cross
section, L=100 mm

Cylindrical section, ID 44 mm, L=480 mm

Cone ID60—1D44; L=50mm)

Cylindrical section, ID 60 mm, L=100 mm

Cone ID44->1D60; L=50mm)

Cylindrical section, ID 44 mm, L=480 mm

Tapered transition, from BS cross section to ID
44 mm, L=100 mm

EIEIeer IS0

Figure 2.1. Component dimensions



In particular the real cross section of the total FCC pipe is:
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\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\.“’O‘Q
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$
S
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Figure 2.2. Real cross section

Thanks to the help of the mechanic CAD (AutoCad) [Figure 2.3| the entrance
and the exit of the interconnect for points was reconstructed. After that the whole
element has been designed in electromagnetic field CAD (CST) [Figure 2.4 and other

important data for the study were used:

X b4

1-10.185 13.2

10.185 13.2

3 14.8 5.8

4 14.8 -5.8

1 5 10.185 -13.2
6-10.185 -13.2

7-14.8 -5.8

8-14.8 5.8

9-11.295 15.2

2 10 11.295 15.2
11 16.8 6.38
12 16.8 -6.38

13 11.295 -15.2

14 13 14-11.295 152
15-16.8 -6.38
16-16.8 6.38

Figure 2.3. Cross section Autocad reconstructed



2. Interconnect between two magnets and concerning data

Figure 2.4. Whole component CST reconstructed

p(50K) [2-m)| Thickness [mm]
Copper (annealed) 0.75- 1077 0.3

Figure 2.5. Data sheet







Chapter 3

Kinds of modes studied with

the help of Eigenmode CST
simulations.

In this chapter it was treated the study of the modes, which are the different
electromagnetic waves that can propagate or resonate respectively in wave guides
or in cavities [2]. The work is mainly focused on the component under exam
and the resonance modes due to the shape of it. Several verifications with some
approximations, thanks to simpler structures, have been done. The cylindrical
approximation will be treated even analytically. These simplification are due to the
fact that in some places the interconnect is symmetric.

3.1 Analytic calculation of the modes

3.1.1 Brief introduction for the resonance frequencies

From the dimensions defined before and the shape of this element, after several
simulations, the best approximation of the interconnect was found. How we can see
from the interconnect design the central zone seen along z direction, has
a larger radius than whole component. The EM fields excited from the travelling
beam will recognise this specific part as a cavity. The cavities from this view point
aren’t acceleration cavity of the beam, but passive structures. This big radius was
designed as a shield for the synchrotron radiation (the synchrotron radiation has
not been treated in this thesis). The fact that we have a larger radius in the centre
provide lower resonators frequencies than the resonances frequencies of the same
interconnect that has to be supposed with 22 mm of radius. In correspondence of
the resonator frequency, impedance peaks will be obtained (the impedance will be
explain in the next chapter). How mentioned before the resonance frequencies are
strongly depending from the geometry of the elements, when the radius increase
the module of the frequencies, related to the resonant modes, decreases [2]. Having
impedance spike near the low frequency is the same as having power losses peaks,
these spikes are the limit for the real frequencies work range (broad-band). Thanks
to the concepts just presented the first geometry that starts resonating is the cavity.



3.1 Analytic calculation of the modes

Successively for larger frequencies the long sections of the interconnect begin to
resonate.

Figure 3.1. Interconnect design

3.1.2 Analytic formula for cylindrical cavity

The brief introduction is supposed to explain the first approximations that has
been done, changing the whole interconnect with a perfect cylindrical cavity with
dimensions length: | = 200 mm and radius a = 30 mm. It is a simple and good
closeness of the interconnect and can be even verified in analytic way [2] like:

For the TM modes :

fres = %;ﬁ - \/<5l7r>2 + (572”)2 (3.1)

Where &,,, is the m‘" root of the Bessel’s function of n order, s=0,1,2,3... defining
the mode variation law along the z-direction like: sin %7z (the s parameter represents
also the number of the half wave lengths along z).

For the TE modes :

fres = %3/% : J (7)2 + (%””L)Q (3.2)

Where ﬁ;m is the m*" root of the Bessel’s derived function of n order, s=1,2,3...and
defining the mode variation law along the z-direction like: sin 7 - z (the s parameter
represents also the number of the half wave lengths along z).

10



3. Kinds of modes studied with the help of Eigenmode CST simulations.

3.2 Data obtained from CST Eigenmode simulations

The cavity structures with all the resonance frequencies were studied. These frequen-
cies are a problem for the stability of the beam, because in correspondence of these
modes there are peaks of impedance (it is a quantity that talks about the losses due
to different coupling between the beam and the environment). Using the Eigenmode
solver it is possible to determine the resonant modes and their kind, TM or TE, in
more complicate structures than cylindrical cavity. During the simulations of this
component, we didn’t use the suggestion to reduce the number of mesh cells (with
symmetry planes) given by the Riminucci’s thesis [3], because the interconnect’s
structure didn’t have symmetries at his boundaries. In the case symmetry planes
were used, some frequencies, caused by the transverse impedances, would not be
visible. For this reason were done three different, long and complete, simulations:

o The first, and several time cited, is the cylindrical cavity.

Figure 3.2. Cylindrical cavity

o The next analysis just for the interconnect cavity has been carried out
ure 5.9

Figure 3.3. Cavity alone

o The whole component for the last simulation

11



3.2 Data obtained from CST Eigenmode simulations

Figure 3.4. FCC interconnect between two magnets

3.2.1 Checked approximations and reality
In the following table different results are shown from left to right:

o Equations (Equation 3.1{ |[Equation 3.2|) have been solved thanks to a special
Fortran 95 script.

e CST simulations of the cylindrical cavity for a first check between the CST
eigenmode solutions and analytic equations.

e CST simulation just examinating the cavity of the component.

e CST simulation of the whole component.

Modes Calculated § a ' f’
TEyy; | 3-022 [GHz] |  3.023 [GHzZ] 3.064 [GHz] 3.058 [GHz)
TEy, | 3-289[GHz] | 3.290 [GHz] 3.411 [GHz] 3.379 [GHz]
TEy;3 | 3-692 [GHz] |  3.692 [GHZ] 3.864 [GHz] 3.746 [GHz]
TMyy | 3-825 [GHz] 3.825 [GHz] 3.917 [GHz] 3.918 [GHz]
TMy;; | 3-898 [GHz] | 3.898 [GHz] 4.180 [GHz] 3

TMy;, | 4-108 [GHz] | 4.108 [GHz] = =

TEy, | +-190 [GHz] |  4.191 [GHz] 4.365 [GHz] z

Figure 3.5. Table of resonance frequencies

It has to be noticed that in the whole component after the first mode T'M
which is the T Mgy19, there isn’t the T'Mp;1 as in the other three cases, but from
the simulations it could be understood that the long parts of the interconnect
started to resonate, these modes in the frequency step that go from the 3.995 GHz
to 4.102 GHz are seven TE modes (example in ). Usually the most

12



3. Kinds of modes studied with the help of Eigenmode CST simulations.

important mode is the first, that will be the limit for the excited EM fields in the
standard working conditions of the particle accelerators.

_ v/m ]
2.330407
2128407
1918407
1692407
1482407
1.278407
1068407
8.47e406
6.356+06
4.248+06
2120406

Figure 3.6. Whole component in resonance

3.3 First mode

Looking at the table in the precedent section that contains analytic calculation and
simulations, it provides the first resonator mode in the component that is T FEq11.
The last check is an graphic method called "the mode chart" a map based
on the analytic formula shown before ", " concerning the cylindrical cavity.

Where the x axis and the y axis are described from the next formula. The
real point over mode chart is given by the cylindrical cavity solution, even the
point derived from the approximation using the first resonance frequency of the
interconnect between two magnets is almost the same.

e For the cylindrical cavity:

(‘;)2 = 0.0225 (3.3)

wo =2mf = 18,994 GHz (3.4)

C

<w°'a>2 — 3,61 (3.5)

o For the approximation of the total element at a cylindrical cavity:

(‘;)2 = 0.0225 (3.6)

wo=2mf =19,214 GHz (3.7)

13



3.3 First mode

Figure 3.7. Mode chart
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3. Kinds of modes studied with the help of Eigenmode CST simulations.

(“’O : a)2 = 3,60 (3.8)

c

T Fh11 is the mode verified also by the graphic results of the simulations, the
Electric field for the first mode in 3D graphic for all simulations was shown below.
Was even showed the magnetic field for the first mode in the whole interconnect.

Electric field of the three eigenmode simulations: [Figure 3.8 [Figure 3.9} [Fig]
fure 3.10| and [Figure 3.11|

Figure 3.8. Electric field cylindrical cavity

Magnetic field only of the last and most important simulations:
Figure 3.13

15



3.3 First mode

e+07
4.048+07

3.638+07
3.23e+07
2.83e+07
2.42e+07
2.02e-+07
1.61e+07
1.21e+07
8.07e-+06
+.04e-+06
o

Figure 3.9. Electric field cavity alone

¥/m (log)
4380407
3460407
2716407
218407
1620407
1220407
899406
6370406
4250406
255406
1130408
o

Mode 1 (peak)
30 Maxinum [Vjm]:  43.76e-+06
Frequency; 3.057986
Phase:

Figure 3.10. Electric field whole interconnect
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3. Kinds of modes studied with the help of Eigenmode CST simulations.

IR EEERRE]
LA S ERES

Figure 3.11. Electric field transverse cross section

& Type:

Figure 3.12. Magnetic field whole interconnect

Figure 3.13. Magnetic field transverse cross section
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Chapter 4

Wakefields and impedance
theory

4.1 Wakefields

Wakefields [4] (in the context of accelerator physics) is the conventional name given
when a charged particle called witness runs inside a beam pipe or a cavity where
there is an EM field in the environment of this component excited from another
charged particle called source that traversed the same structure before of it. Thus
the "witness" particle is affected not only from its field but even from the field due by
the "source" particle. Defined 1, ¢1 and ro, g2 the vectors position and charge of the
first particle and the second particle respectively, where the space distance between
the particles r1 — ro was considered. The force on the second particle defined from

Lorentz is (4.1):

F(ri,m2) = @2[E + v x B] (4.1)

Where the longitudinal and transverse components were divided in (4.2]) and

[E3):

F(r1,m2) = @B (4.2)

Fy (r1,72) = @2[EL + (v x BL)] (4.3)

Where F| = E.Z and F| = E,; + E,j. The studies of the impedance in these
two components were divided.

4.1.1 Longitudinal wake function

Now providing the definition of the source particle energy (4.4)):



4.1 Wakefields

Ul(Tl) = — /O:O FH(T’l)dZ (4.4)

and the witness or second particle energy (4.5):

UQ(Tl,T’Q,T) = —/ F”(Tl,T‘Q)dZ (4.5)

Where the time 7 = ((21 — 22)/8¢) and the force Fj(r1,72) = g2E)(r1,72). The
longitudinal wake function for a charge particle is so defined (4.6)):

Us(ri,re, T)

wy(r,r2,T) = s

(4.6)

It is useful in the real case to define the wake function for a bunch distribution

(4.9). Thus the charge ¢; as a integral of the current was defined (4.7)):

Q= /_O:O i(T)dr (4.7)

So that the energy for an infinitesimally dr time was (4.8]):

dUQ(TQ, T — 7'/) = QQi(T/)w||(T2, T — 7'/) (4.8)

The longitudinal wake function for a bunch was defined below (4.9):

U(re,7) 1 [
VVH(T'Q,T) = W = a /;OOZ(T/)’LU”(’I“27T — T’)dT, (49)

4.1.2 Transverse wake function

The same passage is valid also for transverse directions. The energy of the witness
particle (4.10)):

P(ri,ro,7) = / F\(ri,m)dz (4.10)

Where the time 7 = (21 — 22/8¢) and the force F| (r1,r2) = g2[E1 + (v x B1)].
In this way is defined the transverse wake function for a charge particle (4.11)):
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4. Wakefields and impedance theory

P(ri,ra,7)
q1492

U)J_(T’l,’r’g,T): (4.11)

Even in this real case is useful to define the wake function for a bunch distribution
(4.14). Thus the charge ¢; as a integral of the current is defined (4.12)):

Q= /_o; i(7)dr (4.12)

So that the energy for an infinitesimally d7 time is (4.13):

dP(TQ, T = 7_/) = qu(T,)wJ_(T27 T = T/) (413)

The transverse wake function for a bunch is defined below:

P 1 [
W, (re,7) = (r2,7) = —/ i(thwy (re, 7 — 7')dr’ (4.14)
4192 q1 J—oc0

4.2 Coupling impedance

Finally the coupling impedance for the different directions is so defined (4.15)) and
(4.16):

Z”(Th 79, w) = / ’U)H(T'l, 9, T)eijw‘rdT (4,15)

o8} .
Z(r1,ro,w) :j/ wy (r1,re, T)e 7 Tdr (4.16)
— 00

Reversely, the wake function from the coupling impedance can be expressed like
(4.17) and (4.18]):

1 fo° -
w) (r1,72,T) = ﬁ/ Z) (r1,m2,w) 7 dw (4.17)
—00

Lo '
wy (ri,72,7) = 2%/ Z (r1,r9,w) 7 dw (4.18)
—o0

Often the wake function was treated in the time domain considering the current’s
distribution of the bunch that has to be considered in the Fourier’s domain (4.19)),
usually the bunch current had a Gaussian shape. In this particular case it is the

Wake Potential (4.20) and (4.21).

AMw) = /_ o:o i(r)e T dr (4.19)
W (re,7) = % /O:o Z”(rl,rg,w))\(w)ejwdw (4.20)
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4.3 Transverse impedance

o

Wi (re,7) = 2‘]7/ ZJ_(Tl,TQ,W)A(W)@ijdw (4.21)

—00

4.3 Transverse impedance

The transverse impedance depends on the bunch displacement. In particular how
shown before two particular particles were studied: the source and witness particle.
In the CST simulations the source particle is the blue beam that excite the EM
fields and the witness is the orange integrator beam. It is useful to talk about of
transverse impedance as composed from three different components. The first is
called dipolar or driving impedance and will be obtained with a transverse source
particle displacement, along x or y, leaving the witness particle centred. By definition,
in this case, the witness particle “feels” a transverse force independent by its position
because it is fixed [5]. We will talk of quadrupolar or detuning impedance when the
rules of the beams is change, by definition the witness particle “feels” a transverse
force linearly proportional to its displacement. Together at these both principal
components even a constant term caused by the asymmetric structures should be
taken in account for the two different directions: (4.22) and (4.23). In particular in
this study only the dipolar component was considerate and shown later.

ZJ_,:E(CUL 2, w) = Zdip,m(w)'rl + unad,w(w)xQ + Zconst,w(w) (422)

ZJ_,y(ylv Y2, w) = Zdip,y(w)yl + unad,y(w>y2 + Zconst,y(w) (423)

The procedure used in the CST simulations for the calculation of the dipolar
component is easy shown in the picture below :

Source/inducing particle
Dipolar/driving v L v L ) / N ep ]
impedance ® @ )[ <! T ® Witness/trailing particle
x X
§ ¥ . y
Quadrupolar/detuning ’t
impedance ® @ 3 ] N
X
Horizontal Vertical

Figure 4.1. Different displacements for the dipolar or quadrupolar impedance

How said before the work is focused on the dipolar component.

22



23

Chapter 5

Wakefield CST simulation and
relative impedance study

Trough the CST simulation in Wakefield mode, the values of the longitudinal and
transverse impedance was found. The impedance was studied simulating inside the
component of centred beams with respect to the transverse cross section of the own

component. The view respect to the yz plane

Figure 5.1. Component with centred beams

5.1 Longitudinal impedance: charts

The charts supplied by the simulations, starting from the wake potential and
successively the own Fourier’s transformer "the impedance', separated in the real
and imaginary part will be shown below. The imaginary part of the longitudinal
impedance, after being normalized with reference reference to frequency, can be used
within Sacherer’s formalism [6] to deduce the longitudinal beam stability.



5.1 Longitudinal impedance: charts

Wake potentil

wi(s) / (v / pC)

180

0 2000 4000 6000 8000 10000 12000 14000
s/ mm

Figure 5.2. Wake potential calculated along the beam direction

Wake impedance Z [Magnitude]

160

140

120

100

Z/0hm

80

€0

40

A

05 1 15 2 25 3 35 4 45 5 55
Frequency / GHz

Figure 5.3. Whole longitudinal impedance

In particular the value of our interest was shown below, i.e. part of the angular
coefficient of the linear imaginary part trend in the step of frequencies
from the lowest value of the frequency "given from the skin depth " and
the limit provideed from the first resonance frequency deriving from the longitudinal
impedance. This correction has been done multiplying the function I'm[Z ||] for
frev/ [, checking so in the final chart an almost constant trend, due to the existent
linear relation between the values of the x axis and y axis of the charts.
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5. Wakefield CST simulation and relative impedance study

z /0hm

z / ohm

Wake impedance Z [Red Part]

Frequency / Ghz

Figure 5.5. Longitudinal impedance: imaginary part
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Figure 5.4. Longitudinal impedance: real part
Wake impedance Z [Imaginary Part]
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5.1 Longitudinal impedance: charts

5.1.1 Skin depth

When the beam screen of the analysed component is made from a finite electric
conductivity material, a very important parameter is the skin depth. It can be
thought as the penetration distance of the magnetic field into the material [4], defined
for high frequencies like :

2 -3
5—\/(‘}'”0'/%'0(50]{)—0.3&0 mm (5.1)

Where w is the pulsation, ug the permeability of the vacuum, u, the relative
permeability of the material and o (50k) the electric conductivity of the beam screen.
The value of the skin depth was supplied by the data sheet, in this case it is the
thickness of the beam screen of interconnect it self, thanks to these data we are
knowing that frequencies under the frequency f will not be used to avoid issues
like coupling between magnetic field and other lower conductivity materials.

1 1
_ — 2,12 kH

702 po-pir -0 (50K)  (0,3-103)2-4-72-10-7-1,33-109 ?

(5.2)

5.1.2 Obtained results

The rectification was done to find the value Im[Z ||z /n] where n = f/fECC and

rev
FECC the revolution frequency of the particles bunch during the run in the FCC

ring, this value is supplied from another resonance frequency which the LHC’s fLHC

knowing that the beam will not be faster than the light speed cannot be reached in
LHC.

Z_1D_Scalefxis

4e-005

3e-005

2e-005

1e-005 AT
A
W
0

-1e-005

-2e-005

-3e-005

0 05 1 15 2 25 3 35 4

Figure 5.6. Longitudinal impedance in the broadband: rectified imaginary part

FCC __ T[éljc _
f’r’e'u = W = 3040 H=z (53)
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5. Wakefield CST simulation and relative impedance study

Where fLHC = 11245 [Hz].

rev

_length(FCC) 100 km

= = 4
370 length(LHC) 27 km (54)
From the chart the researched value was extracted:
Z ||.
Im [n‘] = 7e — 006 - 4000 = 28 mf (5.5)
tot

Where 4000 is the total number of these components inside the whole FCC
particles accelerator.

5.2 Transverse impedance

The dipolar transverse impedance is obtained during the simulation displacing the
beam once along the x axis and in a different simulation displacing it along y axis,
always leaving the integration beam at the centre. For the transverse impedance a
work of convergence has been done: it has been checked the value of the broadband
(the range from the lowest frequency to the frequency of the first resonant peak)
increasing step by step the number of the mesh in the simulations ,
Figure 5.8) . In this mode most accurate value of the transverse impedance was
found, with the lowest number of numerical errors due from the numerical CST
computation. The problems of this check are the very long simulation times, it
increases with the increasing of the mesh number.

Convergence method x direction
2.06 T T T

204 I

202 =

198 - 4

broad-band value [ohm]

192~ 7

| 1 1 Il 1
o 05 1 15 2 25 3
number of mesh =107

Figure 5.7. Mesh number convergence in beam position (5,0) mm
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5.2 Transverse impedance

Convergence method y direction
27 T T T

broad-band value [ohm]

1 I I 1 1 I 1 I
0 05 1 15 2 25 3 35 4 45
number of mesh %107

235

Figure 5.8. Mesh number convergence in beam position (0,5) mm

5.2.1 Transverse impedance z direction: position of the beam (5,0) mm
in the plane xy

The title explain is shown in

Now all the charts related to the simulations, set off from the wake potential
and next the Fourier’s transformer of their "the impedance" divided even in real
and imaginary component were shown below. The imaginary part of the transverse
impedance can be used to compute the effective impedance in the plane of reference
(x or y) in order to deduce the transverce beam stability within Sacherer’s formalism

[6].

5.2.2 Obtained results

The imaginary part of the transverse impedance in the area of interest, therefore
under the first resonance frequency (the broad-band = (Im[Z L,] - displacement) )
peak, due to the transverse impedance and not from longitudinal was found ([5.6)):

Im|Z 1] - displacement = 1,90 Q (5.6)

The value obtained from the chart will be divided for the transverse displacement
because the transverse impedance is linearly dependent on it. In this case the
displacement is 5 mm along x. Thus (5.7)):
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5. Wakefield CST simulation and relative impedance study

Figure 5.9. Interconnect with the beam in position (5,0) mm

Wake potentia
0.012

0.008

0.006

WIs) / (v /pC)

0.004

0.002

N S— JWM.WMWWWWMWWWMWWWWWW

-0.002 +
-2000 0 2000 4000 6000 8000 10000 12000 14000
s /mm

Figure 5.10. Wake potential calculated along the = direction
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5.2 Transverse impedance

Z /Chm

z /Ohm

z /0hm

[Magrituce]

05 1 15 2 25 3 35 4 45 5 55
Frequency / GHz
Figure 5.11. Whole transverse impedance x direction
[Real Part]
05 1 15 2 25 3 35 4 45 5 55
Frequency / GHz
Figure 5.12. Transverse impedance x direction: real part
[Imaginary Part]
|| .
LT
05 1 15 2 25 3 35 4 45 5 55

Frequency / GHz

Figure 5.13. Transverse impedance = direction: imaginary part
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5. Wakefield CST simulation and relative impedance study

Im[Z 1,] = 0,38 kQ/m (5.7)
To follow (5.8):

Im[Z L) = 0,38-4000 = 1,52 MQ/m (5.8)
Where 4000 is the total number of these components inside the whole FCC
particles accelerator.
5.2.3 Transverse impedance y direction: position of the beam (0, 5) mm

in the plane zy

The title explain is shown in

Figure 5.14. Interconnect with the beam in position (0,5) mm

5.2.4 Obtained results

The imaginary part of the transverse impedance in the area of our interest, therefore
under the first resonance frequency (the broad-band = (Im[Z L] - displacement) )
peak, due to the transverse impedance and not from longitudinal was found ([5.9):

Im|Z L,)] - displacement = 2,4 Q (5.9)
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5.2 Transverse impedance

Wi(s) / (v /pC)
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-0.002
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Figure 5.15. Wake potential calculated along the y direction
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Figure 5.16. Whole transverse impedance y direction

Wake impedance Y [Red Part]
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Figure 5.17. Transverse impedance y direction: real part
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5. Wakefield CST simulation and relative impedance study

Wake impedance Y [Imaginary Part]

z /Chm
NE
?__
4

0 05 1 15 2 25 3 35 4 45 5 55
Frequency / Griz

Figure 5.18. Transverse impedance y direction: imaginary part

The obtained value from the chart will be divided for the transverse displacement
because the transverse impedance is linearly dependent on it. In our case the
displacement is 5 mm along y. Thus ((5.10)):

Im[Z 1,] =0,48 kQ/m (5.10)
To follow ((5.11)):

Im[Z Ly]tor = 0,48 - 4000 = 1,92 MQ/m (5.11)

Where 4000 is the total number of these components inside the whole FCC
particles accelerator.

5.2.5 Conclusions

Found the values of the impedance, a check of the orders of magnitude between the
impedance of the total number of interconnects in the FCC ((5.5)),(5.8),(5.11])) and
the same components in the LHC particle accelerator [7] has been done. Where
the LHC data in the red rectangle was extracted Considering that
the FCC will be four times longer than LHC, the longitudinal impedance is
almost three times larger than the same value in the LHC where we considered, for
a comparison between the longitudinal impedances, the value n in LHC components
must take in account the FCC revolution frequency. Also the transverse impedance
((5-8),(5-11)) are larger than the value in the last column multiplied for the FCC
length (0,265 -4 = 1,06M$2/m). From these previous observation we deduce that
this first design of the interconnect isn’t a good design. Instead for a first and simple
impedance model of the whole FCC particle accelerator, thanks some impedance
results about the components that are the largest in terms of impedance
(the beam screen and collimators impedance model were made by David Amorim).
The impact in the broad-band range gave by 4000 interconnects is negligible if we
have considered the impact deriving from the sum between the beam screen and

33



5.2 Transverse impedance

collimators impact. The graph show below is the imaginary part of the transverse
impedance were in purple we see the interconnects transverse impedance in the worst
condition. Therefore we could say that this first interconnect design considering
only the broad-band is a good one.

clement — TRef | W Im(Z/n) | Im(Z,)
xxxxxxx S )

- Pumping slots 123] 18 0.017 0.5
BPM's R [24] 25 0.0021 | 03
Unshielded bellows ' 25 0.0046 | 0.06

“Shielded bellows 20 0.010 0.265
Viacuum valves i ' T a0 0,005 0,035
Experimental chambers - 0.010 .
RF Cavities (400 MHz) 150 0.010 0.011) |
RF Cavities (200 MHz) 50 0.015 (0.155)
Y-chambers (8) 2511 - 0.001 .
BI (non-BPM instruments) 40 0.001 0.012
space charge @injection [2} 18 (1,006 0.02
Collimators @injection optics 14+ 8 0.0005 0.15
Collimators @squeezed optics 1.3+ 3.8 || 0.0005 1.5
TOTAL broad-band @injection optics 0.070 134
TOTAL broad-band @squeezed optics 0.076 267 |

Figure 5.19. Whole LHC impedance values in table
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5. Wakefield CST simulation and relative impedance study

Impedance / Om !
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1
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- ~ 4
- - Beam screen only S
— BS + C collimators 4
— BS + MoGr collimators
o! 10° 10 102 10° 10 10° 10° 107 10® 10° 101

Frequency / Hz

Figure 5.20. 1%t FCC impedance model: broad-band impact
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Chapter 6

Shunt impedance

The resonator behaviour linked to the passive cavity is given by the big radius in
the centre of the structure, after that another study over this interconnect has been
done. Usually when there is a cavity and we want to analyse it in the frequency
domain, the approximation like RLC load is the best thing. This equivalent circuit
is driven from the 7; current and the loads are: the inductance L, the capacitance C'

and the shunt impedance Rs

Figure 6.1. Equivalent circuit
The resonance frequency (6.1)) also in a simple case like the cavity lossless where
"Rs =0 " [2] in this electric equivalent circuit is:

1
Wres = —F7—
vV LC

An important parameter for the real cavity, so with losses, is the quality factor [8]

(6.1)



6.1 Relation between longitudinal end transverse shunt impedance

and it depends from mode and geometry. It describes the damping inside the cavity,
to have a big @ — factor is equal to have a long damping time. The Q — factor is
defined as ratio from powers stored upon missed (6.2)):

energy stored in the cavity — wresW

Q = Wres (62)

' dissipated power over period P

2 2
Where W = % and P = % and trough the appropriate substitutions provide

this other relation (6.3):
e
Now the characteristic impedance is defined (6.4)):

X = (6.4)

L
C
The definition of (6.1)) supplies also X = wyesL = ﬁ
Now the Q-factor as Q = % is described.

The longitudinal impedance as Fourier’s transform of the wake function in z
direction, described from an RLC circuit is shown (6.5)):

1
+j(wC — 27)

R

sl

Multiplying the part (wC — ﬁ) up for X = %, down for X = % and thanks

the (6.1]) the impedance is thus read (6.6)):

_ Ry
TG )
This relation is used if we are talking about longitudinal impedance, always in

the electric equivalent circuit, the transverse shunt impedance was defined like ([6.7))

[9]. In correspondence of resonance frequencies, in both formulas, the value of the

shunt impedance is the same as the value of the impedance, and this simple relation
will be one of the main check in the next paragraph.

_ f'res RsJ_
fasiQGh -5

Z(w)| (6.6)

Z(w)1

(6.7)

6.1 Relation between longitudinal end transverse shunt
impedance

In this section the relation between the longitudinal and transverse shunt impedance

thanks a big cross check was found. In particular the tools available are the theory

checked from the bases, the eigenmode simulations with the post processing command,
the MatLab programming language end at the end the wakefield simulations.
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6. Shunt impedance

6.1.1 Theory bases

The introduction of the chapter talks about the definition of quality factor like:
2
Q= % where P = % that provide this relation ((6.31])

R, |V

Q 2wresW

Where quality factor ) doesn’t depend from the direction, if longitudinal or

transverse, instead the voltage V' thus the shunt impedance Rs depends from these

different components. Like in the chapter "Wakefields and impedance theory" but

now all in frequency domain an important formula for the study of the theory is the
Lorentz’s force defined like

(6.8)

F=F|+F_=@l[E+(xB) (6.9)

Where the longitudinal and transverse components were divided in (6.10]) and
(16.11)):

F|=q@E| = F, =@k, (6.10)

F| =@[E+(xB1)|= F, = @[E:+(c x By)| or Fy = g2[Ey+(c x By)] (6.11)

The longitudinal voltage shown before (6.31)), in a finite component is defined
[4] along the s (longitudinal beam direction) like (6.12)) :

i ﬂ\ jWres
Vv :/ — el v P dz (6.12)
z0 42
In this case is (6.13):
! FZ ;Wres ! jWres
VZ:/—-eJc'zdz:/Ez-e]c'zdz (6.13)
0 42 0

The transverse voltage in a finite component is defined along the s (longitudinal
beam direction) like (6.14)):

2l F s Wres
Vi = / LT (6.14)
z0 42

In this case are ([6.15)) and (6.16])

i Wres

lFx s Wres !
Vx:/—'ejc'zdz:/[Ea;—i-(chy)]'e]c
0 9@ 0

# dz (6.15)

or
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6.1 Relation between longitudinal end transverse shunt impedance

ZF s Wres ! jeres
V, = / Y IRy = / [Ey +(ex By)]-€e e *dz (6.16)
0 492 0

Another very important electromagnetic theorem is the Panofsky-Wenzel theorem

[10] defined like (6.17)):

10
- ;EWL (Tla T2, T) =V1iW; (Tlv 2, T) (617)

The Fourier transform of (6.17)) gives the dipole transverse impedance on terms
of the longitudinal one (6.18)):

Cc

Z1(r1,ro,w) = Vi Z)(r,r2,w) (6.18)

Tes

Now the impedance definition as function of electromagnetic fields in frequency
domain [5], in longitudinal (6.19)) and transverse ([6.20) case were shown below:

]. 2l s Wres
ZH = 7/ Ez el T P dz (619)
q1 Jzg
1 ?l s Wres
ZJ_:—jq/ [EJ_+(UXBJ_)]‘€] v Zdz (620)
1 Jzo

With opportune substitutions in the Panofsky-Wenzel theorem for the impedance
(6.18]), the relation with the electromagnetic fields was found (6.21)):

2l s Wres 2l s Wres
—j/ [EL +(vx By)]-ed v #dz= ¢ VJ_/ E, . & v % dz (6.21)
20 20

Wres

Which thanks the definition of the voltage was wrote like ((6.22)):

Cc

—JjVi= vV (6.22)

res

In the "Wakefield CST simulation and relative impedance study" chapter, the
study of the impedance was focused over the dipolar component of the transverse
impedance. In the same mode the transverse shunt impedance due to the dis-
placement of the beam, leaving the integrator beam at the centre, is divided in:
transverse shunt impedance with = displacement and transverse shunt impedance
with y displacement. The gradient 57 will be respectively % and 8%. With the post
processing results of the eigenmode simulation, for the FCC interconnect, the values
of the F, seen along the z direction were extracted like an ASCII data sheet. These
trends of the electric field for different y displacement from —15 mm to 15 mm has
been calculated with several samples. A particular script MatLab has been made for

found the trend of F, respect the y displacement. Now using the voltage definition
(6.23) the dependence with y didn’t change.

v . l jres ., . ! Wres .. Wres
(y) = ; E.(y)-é ¢ dz = : E, (y) - ( cos . z | + jsin Tz dz
(6.23)
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6. Shunt impedance

Where V., (y) = Vireal(y) + jVzimag(y) and its absolute value in the script was

found (6.24)).

‘VZ (y)| = \/‘/zreal(y)z + Vzimag(y)z (6.24)

From all these relation the law of dependence along y direction is constant for
every displacements but not equal to the variation of y, if we bring out from the
root this constant value it is in absolute value. Thanks to several wakefield mode
simulations, in correspondence of the peaks (the shunt impedance) in the dipolar
transverse impedance given from resonant frequencies and respective mode, the
absolute value of the voltage change like |y|. The absolute value of the voltage for
the second resonant mode of the interconnect is showed below

107 second mode in the interconnect
10 T T T

absolute value of Vz(y) [V]

0
-0.015 -0.01 -0.005 o 0.005 0.01 0015
y dispacements [mm]

Figure 6.2. |V, (y)| trend

This check that when we have the transverse shunt impedance the V| is linear
dependent from the displacement y, it provides (6.25)):

9 Yi
Vi=— V| =L 6.25
viVi=g, [ |} " (6.25)
From the (6.25) and (6.22) the linear relation between the longitudinal and
transverse voltage, when there is the transverse shunt impedance, was found ((6.26)):

Vi=yj

W 22
L= (=) ui (6:20
Y

Tes wres

Thanks to the definition of the ratio between the shunt impedance Rg and the
quality factor @ wrote in (6.31)) and the last formula ([6.26)), the relation between
the different shunt impedance was found ([6.27)):

2 2 |V ’R
Ro _ Vi :< c .1) il :( ¢ .1) Sl (6.27)
Q 2wres W Wres Y 2wresW Wres Y Q
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6.2 Cross check

The final trend of the longitudinal shunt impedance for a specific mode is .
It has a pure parabolic trend with the transverse displacement y where the transverse
shunt impedance is part of the second order term [I1]. In particular thanks to this
experimental check, the fact that the transverse shunt impedance is independent
from the transverse displacement, leads to the definition of dipolar modes given in
the section "Transverse impedance"

2
Pres 2 [0 (6.28)

C

RSH = RsJ_

The last formula for all cavities could be used and is equal for the x displacement,
principally the mode TE where £ = 0 will not give transverse shunt impedance
given by the Panofsky-Wenzel theorem 7 but in the real design of the component
the transition between the cavity and the pipe will give a contribute of E} and thus
transverse shunt impedance. In particular we will see that the transverse shunt
impedance depends even from the polarity of the resonant wave inside the structure,
for example if the R, is searched when the polarity of the electric field is larger in
the direction x than the direction y, we will have a little R, or zero. The maximum
value of Ry, will be when the polarity of the wave is larger in the y direction.

6.2 Cross check

6.2.1 Wakefield, shunt impedance

How said during this chapter a large number of crosschecks between theory and CST
simulations has been done. In particular for this work we didn’t use the interconnect,
but a pillbox cavity were the time of the simulation are faster because the
shape is easier than the interconnect. This check is a perfect one because the theory
is applicable always for every cavity. For the wakefield simulations and a quicker
saturation of the peaks, has not been used the copper at 50 [K] that has very few
losses but another lossy metal with the electric conductivity o = 107 S - m. This
material will bring at a faster convergence to zero of the wake potential
because its damping is quicker than the wake potential dumping of very
good conductive copper at T' = 50 K that is almost a PEC material. The impedance
is calculated as Fourier’s transform of the wake potential in overall length
interval (s). In CST simulations, the wake potential, before being transformed in
the frequency domain, is multiplied by the wake lenght (wl) limited-length rect(s)
function as defined in . The computation time increases as the wake length
increases. If the wake potential decay to zero, the peaks of the resonances will be
correctly saturated Conversely, a convergence study of the impedance as
a function of the wake length will be necessary. In particular how said during the
theory introduction, the mode that has given these peaks are the transition between

cavity and the pipes

1V —wl <s<+wl

0V s<—wl V s>-+wl (6.29)

rect(s) = {
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Figure 6.4. Transverse pillbox wakepotential y direction



6.2 Cross check
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Figure 6.6. Peaks, transverse pillbox impedance y direction
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Figure 6.7. Pillbox transition of the electric field

Wakefield convention

How displayed in the "Transverse impedance" section the transverse impedance
in the wakefield simulation vary linearly with the displacement and the peaks as

well. Thus the value of the peaks [Figure 6.6| (transverse shunt impedance), of
different mode, will be divided for the displacement, that in this simulations is 5 mm.
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6. Shunt impedance

The dimension of the shunt impedance will not be [Q2] as theory but [%] like the
transverse impedance found before. The convention that give the relation between
the theory transverse shunt impedance and the wakefield convention is (6.30)):

w
Ry = RL="= -y (6.30)

Where the wake transverse shunt impedance RZK = R, e [%}

6.2.2 Eigenmode, shunt impedance

An important command for the study of the shunt impedance, is the post processing.
Thanks to it, it is possible to take from the CST simulation a lot of parameter for
every mode, for example in these study: Q-factor, Frequencies, the longitudinal
shunt impedance and values of Electric field and Magnetic field in all directions.
All the parameters can be extract like ASCII file. Several checks for verify the
theory with the eigenmode simulation have been done. With the help of several
and specific scripts MatLab which reproduced the theory the longitudinal shunt
impedance where V is and Ry = R, was found. Then after a first
check with the longitudinal shunt impedance, given by the post processing command,
the next step has been confirmed thanks to another script MatLab the last theory
shunt impedance relation with the theory definition of the transverse shunt
impedance where V is and R; = R, . In this check the displacement
was fixed and the read files from the script were the Electric and Magnetic fields, the
Q-factors and the Frequencies always for every mode. One of the most important
checks before writing the last program, for the calculation of the transverse shunt,
starting from the longitudinal shunt impedance given by the eigenmode simulation,
has been varying the displacement along one of the transverse direction, fixed
one mode, and calculated for each displacement longitudinal and transverse shunt
impedance. The same script was used for several resonance frequencies relative or
not to the peaks given in the wakefield simulation. It has been verified that for
the frequencies in correspondence of the peaks (transverse shunt impedance) the
values calculated from the script of the transverse shunt impedance are constant
with the displacement, instead the longitudinal shunt impedance changed with the
square of the displacement. All these checks confirmed the theory and a more
important result is that R, is a constant part of the coefficient of the second order
for each frequency connected with the transverse impedance peaks

Eigenmode convention

The eigenmode simulation for the calculation of the longitudinal shunt impedance
use the definition shown in the theory (6.31)) but without the factor 2. The transverse
shunt impedance will be the same definition for the eigen convention.

VQ
WresW

Where Q and V' are dependent from the mode i.e. from w5, W is dependent
from the structure and also from Q).

RE=q.

(6.31)
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6.2 Cross check

This convention was used for all scripts MatLab cited before. The last script as
said before is used for the calculation of the transverse shunt impedance starting from
the longitudinal shunt impedance given by the post processing. The particularity
of the longitudinal shunt impedances in output from CST is that they varied with
the resonance frequencies and with the displacement, so the script MatLab read the
longitudinal shunt impedances calculated several times in the post processing, one
time for each displacement (for example from —10 mm to +10 mm with several
samples inside). After that the program do the best trend of the pure parabola
linked to the variation of the longitudinal shunt impedance with the displacement
for a fixed mode. In the case that this approximate trend is equal to the classic
plot of the longitudinal shunt impedances read in order to the displacements, means
that the theory relation was verified. Now take the coefficient of second order

2

that is the output of the parabola approximated, multiplying it for the value

res

for each mode, the values of transverse shunt impedances RSEJ_ will be the output.
These values in output are larger than the theoretical values of a factor 2 due to the
eigen convention, therefor they are different for a factor “g2= with the values of the
wake convention.

Script-Eigenmode results

For the pillbox cavity with low electrical conductivity |Figure 6.3, the results (REL),
for only displacement along the y direction, given from the script MatLab that use
the eigenmode convention are

pillbox cavity
0.109 T T T T

*x == 4lh mode
=3 Gth mode

0.108 -

o
=]
=
T
1

8
T
1

0.105 - I

=)

b4
T
1

0.103 - -

transverse shunt impedance in kOhm

0.102 - -

1 | | 1 | 1
2 325 a3 335 a4 3.45 35 3.55
Frequency in GHz

0.101
3.

Figure 6.8. Pillbox: transverse shunt impedance eigenmode convention

The same script with opportune changes, give the results (Rsmi) with the wakefield
convention This one used as last check between the shunt supplied from
the eigenmode and the values of the peaks (divided for the displacement) given from
the wakefield simulation.
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6. Shunt impedance
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Figure 6.9. Pillbox: transverse shunt impedance wakefield convention

Is very important to see that using the wakefield convention, the transverse shunt
impedance RZ‘i increase more than RSEL when the frequency increase. It is show
between the chapters [Figure 6.8 and [Figure 6.9

6.3 Interconnect: shunt impedance

After the detailed cross check done for the pillbox cavity, the next step has been the
calculation of the shunt impedance for the FCC interconnect between two magnets
at work temperature 50 K This operation has been done with the help
of the scripts. In the wakefield simulations it is very hard to obtain the saturation of
the peaks for high conductivity material, because the wake potential will converge at
zero that is too far if there aren’t a lot of losses, the wake length will be too long and
the time of the simulations too. The data obtained from the post processing for the

elaboration of the scrip MatLab are: Frequencies Q-factors
and longitudinal shunt impedance for z [Figure 6.13|and y [Figure 6.14] displacements.

6.3.1 =z transverse shunt impedance results

The results derived from the data above, when the beam was displaced along the

x directions for the eigenmode convention and wakefield

convention are showed below:
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6.3 Interconnect: shunt impedance

Figure 6.10. Interconnect: copper at 50 K
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Figure 6.11. Frequencies for 10 modes
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Figure 6.12. Q-factors for 10 modes
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6. Shunt impedance
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Figure 6.13. Longitudinal shunt impedance x displacements for 10 modes
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Figure 6.14. Longitudinal shunt impedance y displacements for 10 modes
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6.3 Interconnect: shunt impedance

interconnect
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Figure 6.16. Transverse shunt impedance z displacements for 10 modes: wakefield
convention

6.3.2 1y transverse shunt impedance results

The results derived from the data above, when the beam was displaced along the y

directions using the eigenmode convention and wakefield

convention are showed below:
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Figure 6.17. Transverse shunt impedance y displacements for 10 modes: eigenmode
convention
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6. Shunt impedance

interconnect
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Figure 6.18. Transverse shunt impedance y displacements for 10 modes: wakefield conven-
tion

6.3.3 Considerations

Between these 10 modes the resonance frequencies that provide the transverse shunt
impedance are all linked to TE modes. How said during this chapter it isn’t possible
for the equation when Ej = 0, but in this case, like in the case of the pillbox
cavity, the transition '[Figure 6.19] [Figure 6.20' between cavity and pipes, with the
boundary condition that for a PEC material (like is almost the copper at 50 K') the
electric filed is perpendicular at the surface, therefore there will be a component
E| # 0 and a transverse impedance as well. The confirmation that the value of
the transverse shunt impedance depend from the polarity of the resonance wave,
as wrote during the chapter, is shown in the charts of the results and
In fact the first polarity of the electric field for the first mode, in the
eigenmode solutions, is along x, so the value for the first mode of transverse shunt
impedance is higher in [Figure 6.16] than [Figure 6.18] Is the inverse for the second
mode where the polarity of the wave is along y.

6.4 Conclusions in terms of impedance

In resonance condition when f = f,.s, considering the transverse shunt impedance
defined in the electric equivalent circuit like , precisely for the first resonance
mode where f..s = 3.058 GHz taken in the chapter 3. The transverse impedance
value for this fixed frequency is equal the transverse shunt impedance value, it is in
the worst condition using the wake convention Rsmi = 350 % for one interconnect.
The total contribution in the FCC is R?itot = 0.35-10%- 4000 = 1.4 % In the
graph (the beam screen and collimators impedance model were made
by David Amorim) it is possible to see the transverse impedance absolute values
for the whole FCC, where the broad-band value for the interconnects is equal at
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6.4 Conclusions in terms of impedance
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Figure 6.20. Magnetic field transition 1% mode
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6. Shunt impedance

the imaginary part it self, because the real part is zero. In addition there is the
impedance value for the first resonant mode that is larger than all other trends, it

could bring issues in terms of losses and successively also in beam stability in the
FCC.
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Figure 6.21. 1%* FCC impedance model: resonant mode impact
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Chapter 7

Copper resistivity at T'= 50 K,
observations

During the whole work over the FCC interconnect a brief period has been dedicated
at a check of the electric resistivity for low temperatures. Because for a first moment
the electric resistivity value for the beam screen copper used psox = 0, 75Q2m in all
past simulations wasn’t suitable, value took in an Excel data sheet based over a
not practical theory for the resistivity values a low temperatures [I2]. This absence
brought a deep study looking for the electric resistivity value, thanks to different
data a value of resistivity at T'= 50 K has been found.

7.1 Used data

The starting data of this study are [Figure 7.1| values took from past works ([13],
[14]), and other data from an excel sheet, where there are real and several resistance

measurements of copper for a big temperature range: and in logarithmic

scale [Figare 7.3)

_ pseox | bk | RRRux

1,7-1078 2,4-10710 70

Figure 7.1. Resistivity data sheet

7.2 Resistivity value a T'=50 K

Using four different resistance columns measured in the Excel data sheet, normalising
. . R . R _ " . .
these values for Rogx i.e. like Taore? knowing that Rk = ook the "residual resistance

ratio'" RRRyyx = % was found. In particular the average between the RRRoyx

for the four measurements over the same copper component, like best approximation
was took. This average is RRRogx = %*’2000;: ~ 75 very similar to the value in the

data sheet The equality between these two values has been the fixed
point for the study. Done the hypothesis that the RRRs0x even was equal, its value




7.2 Resistivity value a T'= 50 K
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Figure 7.3. Copper: resistance measurements logarithmic scale
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7. Copper resistivity at 7' = 50 K, observations

was calculated like average in the Excel sheet for the four measurements as well
for RRRyoi. It is RRRsor = 1}%‘700? = 14, 74. Now the value looking for which the
residual resistance ratio definition was calculated ((7.1)):

psoox  1,7-1078
RRRsorc 14,74

Remembering that the value given from the theory used for the copper FCC
screen is psor = 0,75 - 1077, almost the half.

P50K =

=1,15-107° (7.1)

7.2.1 Reconstruction of the linear trend

All the resistances for the different columns have been normalised like
(7.2), because the linear zone is all reported at 7' = 293 K. The relation between
resistivity and temperature for the range T € (173,15 , 423,15) K was shown below

(7-3):

. p
Roozre  p2o3i

ratio = (7.2)

L —14aAT (7.3)
P293

Knowing that %;3 = ;;K fixed a value of R for the different columns around

the same temperature for minimise the error, the average between the different «,
a = 0,002767 was the best approximation. With the last value found the p2g3 used
the formula (7.3 was deduced, pa93 = 1,67 - 1078, The line fit in the linear trend

was reconstructed

Linear trend reconstructed
1.08 T T T T T

column 1 ratio

column 2 ratio
s column 4 ratia 4
column § ratio

reconstrucled resistivity ratio

09 =

Resistivity ratio
o o
~ = [-
a @ &
T T T
I I I

=3

bt
T
1

o

@

o
T
1

I 1 I I 1 I I
0.6
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Temperature [K]

Figure 7.4. Resistivity trend in linear zone

The not perfect coupling for the temperature around T' = 173,15 K is caused by
the fixed value for find « took at higher temperature.
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7.2 Resistivity value a T'= 50 K

7.2.2 Reconstruction of the whole trend

Seeing during this study that the last « value is very similar at the « value for the
second column of samples, and with the vary close relation for the different RRR, the
amount pag3 = 1.67 - 1078 has been used to reconstruct the whole resistivity trend of
the treated copper, used for the beam screen in the particle accelerators. Following
the trend given from the second column thanks the ratio multiplying all values
of column for pag3, verified that all the values used and found during this work are
the same. The trend is shown below in logarithmic scale and
also printed over a classic chart of the copper resistivity trend found in
web "https://www.copper.org/resources/properties/cryogenic/".

108 Resistivity trend
18 T T T
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Figure 7.5. Whole resistivity trend

7.2.3 Conclusions

Is important to see that in two different resistivity cases at T'= 50 K (the value
given from the theory and used for all the simulations psox = 0,75 - 107 and then
the value given from the study above psor = 1,15 - 107%) that the Q-factors , in the
same component and for the same mode, are different This inequality in
the Q-factor values show the change that psor = 0,75 - 1072 causes in several values
inside this thesis.

o8



7. Copper resistivity at 7' = 50 K, observations
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Figure 7.6. Whole resistivity trend: logarithmic scale
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7.2 Resistivity value a T'= 50 K
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Figure 7.8. Comparison between the interconnect Q-factors at 7' =50 K
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Chapter 8

LHC-TCDQ impedance
measurements

My work at the CERN lab has been divided in two different parts. The first period
focused on a research study about the FCC, with the help of theoretical bases and
several simulations as is possible to see from the previous chapters. During the
last month instead, a component used during several months in the LHC has been
changed.

8.1 Used and spare TCDQ design

Noting that this old component had a surface colour totally different since the start,
we wanted to verify if also the impedance varied due to the effect of the continuum
coupling with the beam. Thus cross measurements between the used block in the
LHC and two spare TCDQ), never used in the machine, have been done. The devices
under test "DUTS" are shown below: |[Figure 8.1 [Figure 8.2] [Figure 8.3] [Figure 8.4l

Figure 8.1. Spare TCDQ front side



8.1 Used and spare TCDQ design

Figure 8.2. Used TCDQ front side

Figure 8.4. Used TCDQ back side
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8. LHC-TCDQ impedance measurements

8.2 Used theoretical method

The dipolar transverse impedance of the DUT with a typical method of measurements
for low frequencies was calculated [15], where the transverse impedance in frequency
domain can be expressed in therms of electric impedance ({8.1):

¢ Z
T WwN2A?

In the impedance lab it was possible to measure the electric impedance of the DUT
by using the S-Parameters for one port of the Network analyzer, the measurement
structure has been schematised in [Figure 8.5 The wire relation between S-Parameter
and the electric impedance is :

797 (w) (8.1)

_ ~__ | Network
N
J : Analyzer
Iy
:-U
Figure 8.5. Scheme measurement structure
1
7 = Zg— 51 (8.2)
1-— S11

Where Z = ‘7? is the input impedance at port 1, N and A in the figure are
respectively the number of the turns and the width of the antenna which represents
the beam. In this type of measurements there is an issue, during them the S-
Parameter has taken in account not only the DUT but also the environment. Thus
by using a known "DUT reference" with the same dimensions of our DUT, it is possible
to do a differential measurement that will delete the environment contribution :

DUT DUT
cZ - Zref

di
Zsz?if (w) = ; N2A2 (83)
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8.3 Measurement structure and tools

Where ZQ?T is the impedance of the block

Figure 8.6. Reference block

8.3 Measurement structure and tools

The measurements have been done with different blocks in different displacements.
The chosen reference for them was the loop centre. It was mandatory to bear in
mind that it was almost impossible to determine the loop centre without touching
the loop itself. The problem has been solved by using the shadow to determine the
loop centre without affecting the results by touching. The other important data
used for this work are shown in: [Figure 8.8 [Figure 8.9

8.4 Results

In lab for the measurements we had four different suitable DUTs, one reference
block entirely made in aluminium two spare TCDQs called respectively
TCDQUO003-3 and TCDQU003-2 at the end for main block the used
TCDQ called TCDQU46LB2-2 All TCDQs were characterised on the
front side by a little layer of copper, followed by a thick graphite layer. The results
of the differential impedances measurements were shown like cross checks between
the different TCDQ. Measurements done for each block, in front and back side, for
several displacements taken from the shadow loop centre. The devices in the charts
were identified with their specifics names.

8.4.1 Front measurements and cross checks: charts

For the measurements in front side the results were: [Figure 8.10] [Figure 8.11]
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\
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.,1 : mn.—
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Figure 8.7. Real measurement structure

20 6,25-1073

Figure 8.8. Loop data sheet

fromOto1 6—8—10

Figure 8.9. Data measurements
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8.4 Results
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Figure 8.10. Front TCDQUO003-2 and TCDQUO003-3 cross check
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Figure 8.11. Front TCDQUO003-2 and TCDQU46BL2-2 cross check
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102 4 trend front block TCDQU003-3 and TCDQU46LB2-2 measures

T T T T T T T T T
displacement 6mm TCDOUD03-3
displacement 8mm TCDQUDO3-3
displacement 10mm TCDQU003-3

sk displacement 6mm TCDOU4ELE2-2 | |
displacement Bmm TCDQU4ELE2-2
/ % Wﬁﬂmmmmmm
T

e -u
"ul Cry i w

Z{f) [ohm/m]

L L I I I L L L .
0 1 2 3 4 5 6 7 8 9 10
frequency [Hz) x 108

Figure 8.12. Front TCDQUO003-3 and TCDQU46BL2-2 cross check

8.4.2 Back measurements and cross checks: charts

For the measurements in back side the results were: [Figure 8.13] [Figure &.14]
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Figure 8.13. Back TCDQUO003-2 and TCDQUO003-3 cross check

8.5 Conclusions

It is possible to deduce from the previous graphs that the only difference between
spare TCDQ and used TCDQ is the colour. After many months of operation, the
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Figure 8.14. Back TCDQUO003-2 and TCDQU46BL2-2 cross check
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Figure 8.15. Back TCDQUO003-3 and TCDQU46BL2-2 cross check
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TCDQ impedance didn’t show any variations and for this reason the resistivity of
the coating and bulk as well.
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Chapter 9

Conclusions

Conclusions The results of my work concerning the beam coupling impedance on
the accelerator devices that have been examined are listed in the following:

o After several simulations and a careful research, it is possible to state that, for
the analyzed frequency interval, the interconnects, still in design finalization,
present a beam coupling impedance which is negligible when compared to the
coupling impedance of other components that are going to be installed in the
FCC. The first resonant frequency, despite the high value of shunt impedance,
appears at very high frequency and does not represents, for the moment, a
concern with respect to beam stability.

e Detailed studies have been done on the TCDQ collimator jaw which changed
surface colour after several months of operation in the LHC. Resonant loop
measurements demonstrated that the electrical resistivity, and therefore the
impedance, did not change. This result is interesting for all the scientific
community as the impedance of coated devices as the TCDQ, are now proven
to preserve their electrical properties during long time of operation at high
energies in standard conditions.

In short, my experience at CERN can be summarized through a single sentence:
an “unforgettable” experience.
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