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Introduction 

PURPOSE OF 1ST  STUDY: 
• Presently there are many studies for the design of FCC. 
• The 1st simple model of impedance for the beam stability was developed. 
• Starting  from the LHC impedance model and its datasheet, the elements with the 

biggest impedance for the FCC were simulated, like: 
1. Collimators 
2. Beam screen 
3. Shielded bellows 

• The impedance of the FCC shielded bellows at the interconnects between two magnets 
was  calculated.   
 

PURPOSE OF 2ND  STUDY: 
• In the old particle accelerator components, is very important to understand the effect of 

the beam, after several months of operation. 
• This check is important if in particular the components changed some characteristic. 
•  The LHC-TCDQ, for example, changed the colour of the surface.  
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FCC interconnect  
between two magnets 
 

Component under studying : “Design 3D” 
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Study of  the impact due from these 4000 
elements into the FCC (5.5 km) 



• Data of the component and design 

• Modes study 

• Longitudinal impedance 

• Transverse impedance 

• Shunt impedance 

• Conclusion 
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Summary of the study 



Data for the start of this study. 

DIMENSIONS OF THE COMPONENT 

REAL CROSS SECTION AND USED CROSS 

SECTION AT THE START AND THE END OF THIS 

COMPONENT, REDESIGNED WITH AUTOCAD Material 𝝆 𝟓𝟎𝑲  𝜴 ∙ 𝒎   Thickness [mm] 

Copper (annealed) 0.75 ∙ 10−9 0.3 

DATA SHEET 
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CST simulations: EIGENMODE Solver 

Table of the resonance frequencies of different calculations and simulations. 

• In sequence from right there are the simulation like: cylindrical cavity ‘l = 200 mm and a = 30 mm’, only the cavity of 

the interconnect and at the end the results of whole element. 

• In the whole component the frequency after the mode 𝑇𝑀010 isn’t the  𝑇𝑀011, there is the beginning of resonances 

modes inside the long parts too.  

• There are seven modes TE from 3.995[GHz] to 4.102[GHz] the range of frequency calculated. 7 



FIRST CONFIGURATION, THE BEAM COORDINATES ARE (x = 0 , y = 0) [mm] 

CST simulations: WAKEFIELD Solver 
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Wake potential 
Longitudinal impedance Z||      

Imaginary part 

Broad-band rectified 

Rectifying  Im(Z||) like (n= f/ 𝒇𝒓𝒆𝒗 ), with f Є ( 0.001 , 4 ) [GHz] and 
 

where 𝑓𝑟𝑒𝑣 𝐹𝐶𝐶 =  
𝑓𝑟𝑒𝑣 𝐿𝐻𝐶

3.70
= 3040 𝐻𝑧 3.70 =  

𝑙𝑒𝑛𝑔𝑡ℎ 𝐹𝐶𝐶

𝑙𝑒𝑛𝑔𝑡ℎ(𝐿𝐻𝐶)
=
100 𝐾𝑚

27 𝐾𝑚
 

𝑰𝒎
𝒁||

𝒏
𝒕𝒐𝒕

= 𝟕 ∙ 𝟏𝟎−𝟔  ∙ 𝟒𝟎𝟎𝟎 = 𝟐𝟖 [𝒎Ω]  

𝑰𝒎
𝒁||

𝒏
= 𝟕 ∙ 𝟏𝟎−𝟔 [Ω] 

The longitudinal impedance for 
once component is: 

The longitudinal impact 
in whole FCC  is: 
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RESULTS 



SECOND CONFIGURATION, THE BEAM COORDINATES: 

(x = 5 , y = 0) [mm]  (x = 0 , y = 5) [mm]  

Dipolar transverse  impedance  along y                                           

Imaginary part 

Dipolar transverse  impedance  along x                                           

Imaginary part 

Im(𝒁⊥𝒚) = 𝟎. 𝟒𝟖 [KΩ/m] Im(𝒁⊥𝒙) = 𝟎. 𝟑𝟖 [KΩ/m] 

𝑰𝒎(𝒁⊥𝒙)𝒕𝒐𝒕= 𝟎. 𝟑𝟖 ∙ 𝟒𝟎𝟎𝟎 = 𝟏. 𝟓𝟐 [MΩ/m] 𝑰𝒎(𝒁⊥𝒚)𝒕𝒐𝒕= 𝟎. 𝟒𝟖 ∙ 𝟒𝟎𝟎𝟎 = 𝟏. 𝟗𝟐 [MΩ/m] 

Im(𝒁⊥𝒙) ∙ 𝟓 ∙ 𝟏𝟎−𝟑 = 𝟏. 𝟗𝟎 [Ω] Im(𝒁⊥𝒚) ∙ 𝟓 ∙ 𝟏𝟎−𝟑 = 𝟐. 𝟒𝟎 [Ω] RESULTS: RESULTS: 
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• THE TRANSVERSE IMPEDANCE RESULTS SHOWN BEFORE WERE CONFIRMED WITH 

CONVERGENCE TESTS 

• THE BROAD-BAND IMPEDANCE WAS CHECKED WITH CONVERGENCE INCREASING STEP BY 

STEP THE NUMBER OF MESH, FOR BOTH DIRECTIONS 

Beam coordinates (x = 5 , y = 0) [mm]  Beam coordinates (x = 0, y = 5) [mm]  

Convergence tests 
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• By definition the shunt impedance in any direction  was defined like  
𝑅𝑠

𝑄
=

|𝑉|2

2𝜔𝑟𝑒𝑠𝑊
 , where 𝑊 is  the energy 

stored in the cavity and 𝑉 defined for a finite component like: 𝑉 =  [𝐸 𝜔 + (𝑣 × 𝐵 𝜔 )] ∙ 𝑒𝑗
𝜔𝑟𝑒𝑠
𝑣

𝑧𝑑𝑧
𝑧𝑙
𝑧0

 

• Q is the quality factor and for the 1st  mode 𝑸 = 𝟖𝟔𝟖𝟎𝟐 , evaluated with eigenmode post processing. 

•  From the Panofsky-Wenzel theorem in terms of impedance: 𝒁⊥ 𝝎 =
𝒄

𝝎𝒓𝒆𝒔
𝛻⊥𝒁||(𝝎).  

• The relations above give a pure parabolic trend between the longitudinal and dipolar transverse shunt 

impedance: 𝑅𝑠|| = 𝑅𝑠⊥
𝜔𝑟𝑒𝑠

𝑐

2
𝑑2 [Ω] where d is the transverse displacement like x or y. 

Shunt impedance calculation 
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Shunt impedance convention from theory to simulations: 

Theoretical formula  Eigenmode convention Wakefield convention 

𝑅𝑠|| = 𝑅𝑠⊥
𝜔𝑟𝑒𝑠

𝑐

2
𝑑2 [Ω]  𝑅𝑠||

𝐸 = 𝑅𝑠⊥
𝐸 𝜔𝑟𝑒𝑠

𝑐

2
𝑑2 [Ω]  𝑅𝑠|| = 𝑅𝑠⊥

𝑊 𝜔𝑟𝑒𝑠

𝑐
𝑑2 [Ω] 

Where 𝑅𝑠⊥
𝐸 = 𝟐𝑅𝑠⊥[Ω] and 𝑅𝑠⊥

𝑊 = 𝑅𝑠⊥
𝜔𝑟𝑒𝑠

𝑐

Ω

𝑚
 , usually the wakefield convention for the transverse shunt was used.  

Longitudinal shunt impedance 

 y displacement eigenmode convention 𝑅𝑠||
𝐸 [Ω]  

Transverse shunt impedance                                          

y direction wakefield convention 𝑅𝑠⊥
𝑊 [Ω/m] 
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Shunt impedance convention from theory to simulations: 

Theoretical formula  Eigenmode convention Wakefield convention 

𝑅𝑠|| = 𝑅𝑠⊥
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𝑐
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𝑐
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Where 𝑅𝑠⊥
𝐸 = 𝟐𝑅𝑠⊥[Ω] and 𝑅𝑠⊥

𝑊 = 𝑅𝑠⊥
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𝑐

Ω

𝑚
 , usually the wakefield convention for the transverse shunt was used.  

Longitudinal shunt impedance 

 y displacement eigenmode convention 𝑅𝑠||
𝐸 [Ω]  

Transverse shunt impedance y direction 𝑅𝑠⊥
𝑊 [Ω/m] 
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For the 1st resonant mode: 

Electric equivalent circuit  

Transverse impedance definition: 

if  𝒇 = 𝒇𝒓𝒆𝒔  𝑍(𝜔)⊥ = 𝑅𝑠⊥ 

𝑍(𝜔𝑟𝑒𝑠)⊥𝑡𝑜𝑡 = 0.35 ∙ 106∙ 4000 = 1. 4[𝐺Ω/𝑚] 

For the 1st resonant mode: 

𝑍(𝜔)⊥ =
𝑓𝑟𝑒𝑠

𝑓

𝑅𝑠⊥

1+𝑗𝑄
𝑓

𝑓𝑟𝑒𝑠
−
𝑓𝑟𝑒𝑠
𝑓

  



Conclusion 

The comparison between the impedance values of these 4000 components and the impedances of same 

elements (red rectangle) in the LHC particle accelerator was done. Considered that the FCC is 3.70 times 

longer than the LHC: 

• The longitudinal contribution 𝑰𝒎
𝒁||

𝒏 𝒕𝒐𝒕
= 𝟐𝟖 [𝒎Ω]  is bigger than 𝑰𝒎

𝒁||

𝒏 𝑳𝑯𝑪
 

•  The transverse impedance 𝑰𝒎(𝒁⊥𝒚)𝒕𝒐𝒕= 𝟏. 𝟗𝟐 [MΩ/m]  is almost double of  𝑰𝒎(𝒁⊥)𝑳𝑯𝑪 ∙ 𝟑. 𝟕𝟎 

Below the  datasheet of the LHC used for the check: 
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Conclusion 

The comparison between the impedance values of these 4000 components and the impedances of same 

elements (red rectangle) in the LHC particle accelerator was done. Considered that the FCC is 3.70 times 

longer than the LHC: 

• The longitudinal contribution 𝑰𝒎
𝒁||

𝒏 𝒕𝒐𝒕
= 𝟐𝟖 [𝒎Ω]  isn’t big. 

•  Instead the transverse impedance 𝑰𝒎(𝒁⊥𝒚)𝒕𝒐𝒕= 𝟏. 𝟗𝟐 [MΩ/m]  is almost double of  𝑰𝒎(𝒁⊥)𝑳𝑯𝑪 ∙ 𝟑. 𝟕𝟎 

Below the  datasheet of the LHC used for the check: 

Good news: 
In the 1st and simple FCC impedance model, under the beam 
spectrum limit ≅ 𝟏. 𝟓 𝑮𝑯𝒛 , the interconnects are negligible 
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TDCQ impedance measurements 



• Used theoretical method 

• Measurement structure and tools 

• Design LHC-TCDQ 

• Measurements and cross check 

• Conclusions 

Summary of the study 



Used theoretical method 
Bench measurements of low frequency  transverse impedance 

Nassibian-Sacherer : Methods for measuring transverse coupling impedances in circular accelerators 

We are interested in the dipolar transverse impedance component [𝑍𝑑𝑖𝑝(𝜔)], that can be found for 

low frequencies thanks to the relation with the electric impedance [𝑍] of the device under test 

“DUT”. 

𝑍𝑑𝑖𝑝(𝜔) =
𝑐

𝜔

𝑍𝐷𝑈𝑇 − 𝑍𝑟𝑒𝑓(𝐷𝑈𝑇).

𝑁2∆2
 

𝑍𝑑𝑖𝑝(𝜔) =
𝑐

𝜔

𝑍

𝑁2∆2
 

• where 𝑁 and ∆ shown in the figure are respectively 

the number of the turns and the width of the antenna 

which represents the beam. 

  

• In lab it was possible to measure the electric impedance of the DUT by using only 

one S-Parameters of the Network analyzer. 

𝑍 = 𝑍𝑜
1 + 𝑠11
1 − 𝑠11

 𝑍 =
𝑉1
𝐼1

 Where Is the input impedance at port 1 

• During the measurements the S-Parameters 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 measure 

that will delete the environment contribution:   
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Measurement structure and tools 

𝑵 ∆ [𝒎] 

20 6,25 ∙ 10−3 

Loop data sheet 

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. 

The work is in progress for a new and more efficient 

measurement structure (thanks to I.L.Garcia)     

𝒇. 𝒃𝒂𝒏𝒅 [𝑴𝑯𝒛] 𝒅𝒊𝒔𝒑. [𝒎𝒎] 

f𝑟𝑜𝑚 0 𝑡𝑜 1 6 − 8 − 10 

Data measures 
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Design LHC TCDQU  and aluminium reference  

Spare TCDQ back: Spare TCDQ front: 

Reference design: 

• The reference was made of aluminium 

• The TCDQU back side was all graphite 

• The TCDQU front side is formed by a little 

copper thickness and by a graphite layer  
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Design LHC TCDQ  and aluminium reference  

Used TCDQ back: Used TCDQ front: 

• 1st Reference TCDQU003-2 

• 2nd Reference TCDQU003-3 

• 1st  Used TCDQU46LB2-2 

 

We used two references TCDQ and the TCDQ from the LHC for the measurements: 
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Front measurements and cross checks: charts   

• TCDQU003-2 and TCDQU003-3 check 

• TCDQU003-2 and TCDQU46BL2-2 check 

• TCDQU003-3 and TCDQU46BL2-2 check 

Starting from the figure on the right side:  
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TCDQU003-2 and TCDQU003-3  

TCDQU003-3 and TCDQU46BL2-2  TCDQU003-2 and TCDQU46BL2-2  



 Back measurements and cross checks: charts   

• TCDQU003-2 and TCDQU003-3 check 

• TCDQU003-2 and TCDQU46BL2-2 check 

• TCDQU003-3 and TCDQU46BL2-2 check 

Starting from the figure on the right side:  
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TCDQU003-2 and TCDQU003-3  

TCDQU003-3 and TCDQU46BL2-2  TCDQU003-2 and TCDQU46BL2-2  



Conclusions  

As we can denote from the previous graphs the only difference between spare TCDQ and 
used TCDQ is the colour. 
 
The impedance didn’t have variation and therefore the resistivity of coating and bulk. 
 
Ongoing work: 
• Thesis writing…. 
• Inferring resistivity value comparing measurements with ImpWake2D simulations 
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