Universitat

Rostock

Traditio et Innovatio

e

HOM damping schemes for

the FCC-ee cavities

> I~
= {
e
r
P
>
e >
T, %
) ~
R
T
f
~
— -
O

) me e e
- -
=

i' =
20 .

-~



RF Parameters of FCC-ee

FCC-ee is a circular lepton collider designed to study four particles, i.e. Z, W, H and tt
« Beam energies of FCC-ee range from 45.6 to 182.5 GeV
 The collider will be housed in a tunnel with around 100 km circumference

» The maximum synchrotron radiation loss is fixed to 50 MW/beam for each energy, M
thus the beam current is smaller at higher energy \ fonig i

» The FCC-ee machines could be divided into high current (Z, W) and high energy (H,
tt) setups, each case optimally demands a different cavity design approach

-

z W : ‘
E e | i g Energy/beam [GeV] 45.6 182.5
g 147 @ gj Energy Loss/turn [GeV] 0.036 0.34 1.72 9.21 3.34
E . @ i RF Voltage/beam [GV] 0.1 0.75 2.0 10.93 3.5
L T~ Beam Current [mA] 1390 147 29 54 3
e % o s Luminosity/IP [10% cm2s] 230 28 8.5  1.55 0.0012
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FCC-ee Present Baseline

 Multi-cell cavity is considered for the W, H and tt options
» 4-cell Nb/CU cavity at 400 MHz for the W and H

> 4-cell Nb/CU cavity at 400 MHz + 5-cell Bulk Nb. cavity at 800 MHz for tt (present baseline)

4 months

Due to high HOM power and high input power per cavity, singe cell Nb/CU at 400 MHz is considered for the Z option

shutd
shutdown 3 RF system realignment
§ months T 7 W 5] o
= = = = ’,” - ,” Total beam voltage [GV] 0.1 0.75 2.0 10.93
g Beam Voltage [GV] 0.1 0.75 2.0 4.0 6.93
T T T T T f [MHz] 400.79 400.79 400.79 400.79 801.58
20 26 42 74 19 No. cells / cavity 1 4 4 4 5
Machine 00— Q000000000000 | | ~0000—L0dt— Lo W 05 No. cavities® 52 x 2 52 % 2 136 % 2 272 372
3 10 7 100 20 No. cryomodules® 13 % 2 13 %2 dd %2 68 93
Eace [MV/m] 5.1 9.6 9.8 9.8 19.9
. 1 - - A e o R
Booster i infiint I b T T 10.93 GV Pi kW] 962 962 367 150 158
LOGY 94 GV time Qp—opt [10°] 0.046 0.53 1.44 3.51 41.23
15GV : Afopt [kHz] -11.2 -0.75 -0.08 -0.02 -0.075
Voltage 0GV 0.2GV l_I Proa (SR/BS) kW] 8.25/3.04 | 5.09/2.80 | 1.16/0.76 | 0.81/0.66 | 1.09/0.89
g — T Operation [K] 15 45 45 15 2.0
Material Nb/Cu Nb,/Cu Nb/Cu Nb/Cu Nb
Figure adapted from: Andy Butterworth, "Options for the FCC Superconducting RF System”, FCC week Petatic [k[‘v"f]q 087x2 | 139x2 | 3.64x2 7.28 3.96
Paynamic [kW 0.74%2 9.31%2 | 25.51x2 51.03 28.29
2018, Amsterdam 2018 Pup [MW] 0.35%2 2.34%2 6.38%2 12.76 24.02
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Mid-cell Optimization (I)

 In Multi-cell cavity optimization, the design of mid-cells
and end-cells can be separated

* A Mid-cell is designed at 400.79 MHz and rescaled to
801.58 MHz for tt operation

* Minimizing the intrinsic cavity losses can save
considerable energy on large scale for huge machines
such as FCC_eett

 Optimization problem of mid-cell can be formulated as:

Ay 6 RIQ

S-t. Epk/EaCC S Cl
a = Cy
R; =c3
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CORNELL ERL
E[rA'/Eur'(' = 2.0
7 = 113.6 mm

E]:L‘/Eu('(‘ = 2.0
R; =113.6 mm
Epl.'/Eu('(' = 2.0

CEPC E i/ Eee = 2.0

x
LE}).’.‘/E”('(‘ =24

R;, = 126.6 mm

R, = 130 IIIIIIA‘A\‘\\
/-(-jlul.'/lﬂ-"m'(' 2.0

TESLA

92.5 95

975 100 102.5

« (degrees)

x All radii are scaled to 400.79 MHZ.
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Mid-cell Optimization (II)

120 X . XR; =110 mm
In selecting the constraints, the following points should be taken o F A of e
into account: € : o ] H(m
« High value of R/Q for the fundamental mode = 1 0 x .
- Sufficient distance between the frequency of the fundamental y o K m"”i T
mode and the frequency Of the first d|p0|e mode 400 440 480 520 .36'(; Oﬁ{f;({)ﬂ 640 680 720 760 800
« The distance between the frequency of TE,; and TM,, R | fTE §§”*‘§E‘“3'3
should be minimal to have less constraints on the HOM 100 K E B = 2.2
coupler design o </ b =24]
» A small value of E,eqr/Eqcc lowers the danger of field = x| f o
emission and helps to untrap the TM,, mode ) Ty R

400 440 480 Q(J )()-U 600 640 ()'g() 720 760 800

, [ (MHz)
Selecting R, = 120 mm, a = 100 and E peak /Eqcc = 2.0 in the optimization problem yields: . cutofrrequency is for a beam-pipe radius of 156 mm

- | R/Q
[%]

400.79 13544 11490 4350 7119 120  333.182 187 100 2.0 4.2 109.5 272 2.25
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End-cell Optimization

The end-cell is optimized under the following considerations: 80 ,
. . . . ; Longitudinal Impedance
* Inner half-cell is equal to the optimized mid-cells . - =l Ry 150
- b e f'\“{ at Dpfldt) mm
* Thevalue of Epoqk and Hyeqp in the outer half-cell shouldbe 2 |+ fo® Ryy120 mon
smaller than those values in the inner half-cell Sl
=3
* The end-cell aperture radius is varied to untrap the modes in 2
the first HOM monopole band o [
0o ——rt0 — e : )
 Obtain a flat field along the longitudinal axis e e
 Avoid having dangerous trapped modes in the cavity S e Inmedanee
r 1 - -f[m at RbP:ISG mm
_ 1 I -
Ae [mm] 133 é— 100 - E ————— f .t Rb,u_ 120 mm
B, [mm] 102 ;F_ :
N a, [mm] 34 [% 50 - :
a, b, [mm] 46 h
b, Ry, [mm] 156 !
Req [mm] 333.182 0 ' | — S
Eq - 0.2 0.4 0.6 0.8 1 1.2 1.4
R, ! L Ry, L, [mm] 171.532 f |GHz|
. g ‘L‘ ___________________ a, [°] 96.9 Impedances are for bare cavity and the peaks are not fully resolved.
uUn i\ée I"Stltal'E q 03/10/2018 UNIVERSITAT ROSTOCK | Fakultat fir Informatik und Elektrotechnik
OStCOoC Traditio et Innovatio




Main Parameters of the Multi-cell Cavities

UROS. FCC-ee | UROS. FCC-ee | CERN LHeC Ver.2 | Jlab Ver. 2

801.58

Frequency [MHz]
Number of Cells
Material
Temperature [K]
R/Q[Q]
Geometry Factor [Q]
G.RIQ [QF
B /E,. (mid-cell) [mT/(MV/m)]
E,.k/Em (mid-cell)
Cavity Active Length [mm]
Iris radius [mm]
Beam Pipe radius [mm]

Wall angle (mid-cell) [degree]
Cell to cell coupling of mid cells [%]
Field Flatness [%]
k| (o, = 2mm) [V/pC]
Cutoff TE,, [GHz]

Cutoff TM,, [GHz]
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400.79
4
Nb/CU
4.5
411
273.2
112285

4.2

2.0
1465.1
120
156
100
2.25
99
2.27
0.563
0.736
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801.58
5

Bulk Nb.

2.0
521
273.7
142597

4.2

2.0
919.5
60
78
100
2.25

99
3.37
1.126
1.471

03/10/2018
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Bulk Nb.

2.0
393
283

11219

4.92

24
935
80
80
102.5
)
96
2.63
1.10
1.43

4-cell cavity at 400.79 MHz

12 T
B — ES on surface
1 —HS on surface
801.58 — F on axis
5 ~08F ‘
% 0.6
Bulk Nb. g >
2.0 = 0.4
523.9
2747 02
143915 0l -
0 500 1000 1500 2500
4.2 L [mm]
2.26 5-cell cavity at 801.58 MHz
19— . . ‘ . . . - : : : - T
9179 —Es on surface
65 1F —HS on surface )
65 o b —El on axis |
90 <
% 06| ]
3.21 g9
=
= — 04
2.74 0.2
1.35
0 L L 1 L 1
1.77 0 500 1000 1500

L [mm]
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Single Cell Cavity Design for the Z Option (I)

« The surface losses and peak surface fields are not so crucial for the Z option due to low E, .. (= 5 MV/m)
» instead main focus is on the HOM aspects specially strong damping of the first dipole band
 Ina single-cell part of the field leaks into the beam-pipe, thus the cell and beam-pipe are simulated together

« L is not fixed to A/4 and is considered as a free variable in the optimization (in fact if highly influences the
frequency of TE,;; mode)

 Aperture radius is considered as a free variable (above 145 mm to untrap TM,,,; and have small loss factor)

« Ideally the following objectives have to be optimized at the same time:

R R E., B
I - - ) +_ ’_G - ’_Lk’_Lk
A,BEKLL,RL'( fy = fol 11 = le Q11 Qyy 0 0y E, Eacc)
Subject to fo = 400.79 MHz, 90° < «

> Indices 0, 1 and 2 correspond to the first monopole mode, the first
dipole mode and the second dipole mode respectively. - fof TE fof TM fof TM n
> R, is used for tuning f, to the desired frequency. Q i 110 il
T
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Single Cell Cavity Design for the Z Option (II)

 An evolutionary algorithm is used to sample the search space and find a compromise between objectives

» A geometry is selected for which the frequency of TE,,; and TM,,, are almost equal = simplifies the design of
coaxial HOM couplers

 The frequency of the TE,,, is well separated from the fundamental mode = good for both WG and coaxial coupler

 Surface loss is sacrificed but it is not an issue for the Z option

* The Epeqr/Eqccand Hyeqy /Eqccare small for cavities with small L as E, . is defined over shorter length

x10*

145 150 155 160 145 150 155 160 120 140 160 180 120 140 160 180
2.6 -
R , [mm] Rl_ [mm] " L [mm] L [mm)]
. 55¢ ' 535t o
= 24
=
§ 5 < 530F
E S
245 525
9
-~
EQQ
4+t 520t
60 3.5 : 515 =
0 20 40 60 80 1.7 1.:8 1.9 2 21 22 460 480 500 520 540
‘fz'fz' [MHz] E[)k/Em‘(' [‘2 [MHZ]
Eqcc calculated with the actual length of the cell R, fixed to 156 mm R, fixed to 156 mm
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HOM Impedance of Cavities

—5-Cell at 400 MHz| |
——4-Cell at 400 MHz| |
* The single-cell cavity for Z is designed with the main focus on HOM : |
damping aspects ]
» No dangerous trapped monopole mode S
» The first dipole band is trapped in the cavity and needs strong
damping > both modes are at around 529 MHz | | |
0.2 0.4 0.6 f[((};;lz] | 1.2 1.4
 The multi-cell cavities are optimized with the main focus on minimizing 103

—5-Cell at 400 MHz -
——4-Cell at 400 MHz -
— 1-Cell at 400 MHz -

surface losses
» The HOM spectrum of the four-cell and five-cell cavity is similar

» A HOM coupler is designed with respect to the spectrum of Ei
400 MHz (or 800 MHz) cavity and rescaled to the other frequency =
(mechanical and thermal aspects are not studied here)

=00000= Q00—

Single-cell at 400 MHz for Z Five-cell at 800 MHz for tt Four-cell at 400 MHz for W, H, tt

wwwwwwwwwwwwwwwww r

0.2 0.4 0.6 0.8 1 1.2 1.4

Impedance of the five-cell cavity is scaled to 400 MHz for comparison.
Impedances are for bare cavity and the peaks are not fully resolved.

Universitat (.
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Coaxial HOM Coupler

 The notch effect of all couplers are tuned to
801.58 MHz for the monopole coupling.

« The DQW HOM coupler can deliver a high value of
transmission at both first higher order dipole and

m0n0p0|e band. LHC Probe-type LHC Hobk-type DQW HOM Coupler
TMO01-TEM transmission (Monopole coupling) TE11-TEM transmission (Dipole coupling)
M Or I ~ 3000
200 ‘ /‘r\ ‘!
o : — L Y—" 1“ /\ A\' 2500
m I % I
= ' 1150 - : 2000
2 ' 5 2 | €
GE) | 100 = GE’ | 11500 &
I 7 ! ! =
© 80 ——DQw, Cg=1 mm|! N g " v | ——DQw, Cg 1 mm s N
3__100 - DQW, C =3 mm|; - Q - [ — DQW, €, =3 mm
toff TM - _—
? 100l —LHC, Hook i ? ook ! LHC, Hook || -
-120 , | LHC, Probe
LHC, Probe | 1 J I
_140 | ) ] I I ] I I 0 I I A | N A | 0
04 06 0.8 1 172 14 16 1.8 2 22 24 04 06 038 1 12 14 16 138 2 22 24
f[GHZz] f[GHZz]

Impedances are for bare cavity and the peaks are not fully resolved.
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Rectangular Waveguide HOM Coupler

Universitat (| -
Rostock “iil

The cutoff frequency of the first mode of
the waveguide HOM coupler has to be
between the fundamental mode of the
cavity and the first dipole mode.

Standard aspect ratio of 2:1 of the WG
dimensions gives rise to maximum
frequency band for one-mode operation

» not efficient for damping the first dipole
band with two polarizations

Square-shaped WG has same cutoff
frequency for the first two modes but

> bulky specially at low frequencies

» trapped modes could be created by
the WG

03/10/2018
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TM010

TE,,

TE111 TM110

‘ ‘ f [MHz]

Fundamental Mode

f cutoff
Waveguide

m,n=02

n.n=2,1

First Dipole band

(fcutoff)mn — 2\/1@\/(%)2 +

m,n=0,1 ~yn.n=1,1

m,n=2,1
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Quad-Ridged Waveguide

 The cutoff frequency could be lowered by adding ridges in the WG
« The damping of the two polarizations of the dipole modes is improved using quad-

ridged WG
TE 11 Beam-pipe mode - -
] S0 | 09 T
S 5 ErEEED
~ L s A Ridge. (Ver. Pol) | |
5 80 2 e B: Rect. WG (Hor. Pol.) —_— 0.8
E O_: B: Rect. WG (Ver. Pol.) N _ ~
B= 60 ol T 07 __Model Mode?2 ~ Mode 3
Z o @) ~
S 407 = -
= q§ 0.6
3 20+ \ ] 505¢
= A VY.
! S — A
P2 P> £ 0 1 T s = s ¥ 04
Quad-Ridged WG vs. Rect. WG with the same 04 06 08 1 12 14 16
cross section area f[GHZ] 03}
Power calculated from the S-parameters 0 10 20 30 40 50 60 70
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HOM Coupler Design for the Z Option

» HOM coupler is tuned with respect to the modes in the first dipole band
« By using four hook-type HOM couplers, the Q.. of the modes in the first dipole

band are reduced below 100 =, g
5000, L | ®
| | _ ¥* 1 Hook Coupler | | Dy s / X
g O 2 Hook Couplers & x.x .
O Sf; 33) 1000 3 Hook Couplers| :
20 o ; I * X 4 Hook Couplers| |
| = : <+ 5 Hook Couplers| | D Q
— 40 ¢ 5 Ve Q{l A e \%
2 o’ 100, @ :
> ; ,_ | -'Q\Sg- , % ] oA '
. % @ 2
| =, 10¢ @ & -, N e
-100 | ; . 2 :
- | | | | P % "
-120 ‘ e ' 0.5 0.5250.550.575 0.6 0.6250.65 < Yy ¢
04 0.6 0.8 1 1.2 o
F1GH] f[GHz] p 2| AN,
Universita 03/10/2018 UNIVERSITAT ROSTOCK | Fakultét fiir Informatik und Elektrotechnik
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Wake Impedance of the Z Option

* A combination of hook-type coupler and quad-ridged WG can reduce the transverse impedance below the limit
defined by synchrotron radiation

* Quad-ridged WG is optimized to have low cutoff frequency for the first two modes and avoid having modes
trapped in the WG

10‘ F T T T T T
¥ mmm) Square Ridged WG
i =3 Hook + 1 Rect. Ridged WG
[ -7  Hook 1+ 1 Rect. WG Modes cre.ated by the square
i I | 3 Hook + 1 Square Ridged WG rldged WG
limit |
3 I [ e
10

3 Hook + 1 Rect, 1. 3 Hook + 1 Square |

Ridged. WG l Ridged. WG -T-

fGHZJ . UL o F ]

02 03 04 05 06 07 08 09 1 1.1 12 13 14

Universitat (
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HOM Damping for the Multi-cell Cavities at 800 MHz

T I T
1 WG + 2 DQW Couplers

9 D DQW Couplers
10 =3 WG Couplers
tt. .
L. limit
§L TTe-ol
T T
g fmit T T e e L

]
N W\’LI !

06 08 1 12 14 1.6 1.8 2 22 24 2.6 28 3 32 3.4
f [GHz]

T I T
1 WG + 2 DQW Couplers
D DQW Couplers
=3 WG Couplers

ffffffffffff .
J L\’W“\\ 'J

06 08 1 1214 16 1.8 2 22 24 26 28 3 32 34
f [GHz]

1 WG +2 DQW Couplers
WG cutoff frequency is
set at 1.11 GHz

3 WG Couplers
WG cutoff frequency is
set at 0.91 GHz

I

 Coaxial coupler performs better than waveguide couplers in damping the first dipole band

* No clear difference between 2 DQW and 2 DQW + 1 WG
» Reason: beam pipes also act like WG and adding another WG does not make much difference
> Yet, in a module composed of several cavities the effect of WG in damping HOMSs is more visible

Universitat (
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Quality Factor of Modes in a 4-Cavity Module

« The damping of monopole, dipole and quadrupole bands is improved by adding the WG
 Octopole and decapole modes are trapped, thus adding another coupler does not influence
their damping - these modes however are not excited by on-axis beams

1012 Monopole (TE) Octopole (TE)
| X [ I I | | I I [5] T T 1
O 2 DQW couplers 5 / \ o oL tt § © 2 DQW Couplers
x 1 WG + 2 DQW couplers = X x 0 107 7 = Himit - 2 x 1 WG + 2 DQW Couplers
i s =% X 85
10"+ : 2 E = - -3
2L B2 I 1 | %
g g8 :
g a S g X
10° L © s - -% .
- 1 ‘E
z 1 E o]
o : g o
10° | | g |
1
1
1 X
1
104 B d @ Q) @ n
x N %
8 : x© ek, 53
, X g : x « % . ‘
10" L 1 ! | N
0.8 1 1.2 1.4 2.6
f [GHz]
Universitat (. ) UNIVERSITAT ROSTOCK | Fakultét fiir Informatik und Elektrotechnik
Rostock ‘.



Modes Trapped in the Beam Pipes

« With 2 DQW HOM couplers, three dipole modes H} YV W FY-YC T . Y5 b%j
e vw = @ oow L AA A

around 0.579 GHz have a transverse impedance

above the W threshold. The energy of these modes

IS mainly located in the beam pipes. 00 |
» Adding a ridged WG coupler improves the damping - 52 DOW + 1 Quad-ridged WG'

of such modes. ,

Electric field density of the dipole mode with highest transversal impedance at frequency 0.579 GHz

ZT[Q/m]
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Impedance of Damped Cavities

 The stability threshold can increase by 1-2 orders of magnitude if the frequency spread between cavities is taken

into account
« Using a feedback system can increase the stability threshold above the synchrotron radiation limit

F T T T T T 109 E T T T T T m’f‘
of —1-Cell 400 MHz | : —1-Cell 400 MHz el
10 e —4-Cell 400 MHz o8t —4-Cell 400 MHz . | BN
TIES T Rt —5-Cell 800 MHz | i e ——5-Cell 800 MHz L2
P Hmit T ] 107 LT Wmit
Tlw T
10 é}‘l_il}lit """"""""""" ﬂ
S0t T = 7N
— 3 7 E 4 7 \
10°: - v
N : ]
104? _______________ L
10°: = ; [
10% Vo
02 04 06 08 1 12 14 16 18 2 22 24 1-cell cavity at 400 MHz (top)

02 04 06 08 1 12 14 16 18 2 22 24 4ol aavity ot 400 MH (i and
-Cell cavity a Z (Ml e)an
fIGHz] f1GHz]| 5-cell cavity at 800 MHz (bottom)

Thresholds are normalized to the number of cavities needed at 400 MHz
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Average HOM Power

 The high HOM power of Z machine reaffirms JA W H tt
the choice of 1-cell cavity at 400 MHz 4-cell cavity at 400 MHz
Bunch Length [mm] |PkW]| P[KW] | P[KW] | P[kW]
« Coaxial HOM coupler can handle the HOM SR (3.5,3.0,3.15,1.97) | 47.95 5.09 1.16 0.81
power of H and tt BS (12.1,6.0, 5.3, 2.54) | 17.34 2.89 0.76 0.66
9-cell cavity at 800 MHz
 Bunch spectrum of the beam needed to Bunch Length [mm] | P[kW]| PKW] | PkW] | P kW]
make a more accurate estimation of HOM | SR(3.5,30,3.15,1.97) | 6611 | 6.94 1.59 1.09
power BS (12.1,6.0, 5.3, 2.54) | 23.91 4.09 1.06 0.89
1-cell cavity at 400 MHz
Bunch Length [mm] | P[kW]| PkW] | PkW] | P [kW]
SR (3.5,3.0,3.15,1.97) | 6.86 | 0.71 0.16 0.11
BS (12.1,6.0,5.3,2.54) | 2.53 0.43 0.11 0.09

* Average HOM power for both BS and SR bunch lengths calculated from Py = k) qp1

Universitat [
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Summary

A multi-cell cavity is designed for the W, H and tt options
— Mid-cells optimized for minimal intrinsic losses with constraints on different figure of merits such as Ej, /E .

— End-cells optimized to allow sufficient HOM damping without significantly changing Ep,, /Eqcc and By /E g

of the cavity
» Asingle-cell cavity is designed for the Z option with the main focus on HOM aspects of the cavity
» Waveguide couplers were compared with coaxial HOM couplers
* Quad-ridged WG introduced as an alternative to rectangular WG HOM couplers

» Asingle waveguide for high frequency modes with targeted coaxial dampers for low frequency HOMs looks very

promising as we approach higher current with high HOM power

Universitat (o
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Appendix: Waveguide HOM coupler optimization

In designing the waveguide i
HOM coupler, special attention P
IS given to the modes induced by
the waveguide (boundaries of luon =081 GHz 733

: : —u—::::::::::::::::::::::: =0.898 GHz and R/Q=35.5 Q
the waveguide can act like a [l i

small cavity) '

I

Fauon = 0911 GHz

c

4 ¢ 'f% p—y e e}
,v;,‘\? S B I S SR SR
i rg ¥1iramemes =1.05 GHz and R/Q=1.6 Q
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Appendix: Eigenmode simulation of the module

Mode 861: f = 2241.92 MHz, Qex¢ = 1.11 x 10T
R/Q =2.74x107%Q, R/Q, = 2.09 x 10~%Q
x-plane [ y-plane [ zplane (in second cell) Port data
i Pops = 35.49%

- Mode 217: f = 1491.05 MHz, Q.zc = 9.17 x 107 Py_s = 0.20%
R/Q = 157 x 10%Q, R/Q = 1.20 x 107'0 _1 = 2.63%
A Cata | Og u e Conta I n I n g th e x-plane y:;)l;m: > z-[[)(l'z\m‘ (in (.:omnr]l ('o{l) - Ppm't data : Ej,; = ?3?'%
N . — _ — - - bp2 = :4‘-‘-:9':‘{ Noogim= 15(—)3:x
information of all lossy R e e
x-plane y-plane z-plane (in second cell) Port data Pi_s=13.77% Py_o = 5.47%
i I Pipz = 43.71% y 5 ’
= 13. -t 1oiann ey
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