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Accelerating cavity and HOM coupler
design study for the Higgs and top
operation modes of FCC-ee
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RF parameters

10% ¢ : . :
T
= ®
Energy/beam [GeV] 45.6 80 120 182.5 105 £ 102 % é
Bunches/beam 16640 2000 328 48 4 z &
B""Ch[lp:fl‘]"atm" 1.7 1.5 1.8 2.3 4.2 e 101 g . . . J
RMS Bunch Length 107 o
g — 3.5/12.1 3.0/6.0 2.75/3.82 1.97/2.54  11.5 ~ +
Beam Current [mA] 1390 147 29 5.4 3 5 8
Luminosity/IP [1034 §
- 230 28 8.5 1.55  0.0012 Z 0l ® @ |
Energy Loss/turn [GeV] 0.036 0.34 1.72 9.21 3.34 - . (D . . @
RF Voltage [GV] 0.1 0.75 2.0 10.93 3.5 E ® ! ' |
= @
. . S10°f 3 ‘*
 For the Z-pole a single-cell Nb/Cu cavity at : 7 8
- . =
400 MHz is chosen as a baseline. g @ @
2107} @
_ 5 - - . @
« Multi-cell cavity is considered for W, H and tt (4- - z W H it

Ce” Cavity at 400 MHz and 5-Ce” Cavity at - The numbers inscribed in the circle markers indicate the number of cells per cavity

- The number of cavities is determined by the upper limit of E,..=10 MV/m

800 MHz are StUdied). - The plots are for 400 MHz cavities
- HOM power is calculated for BS bunch length
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Mid-cell optimization (I)

Minimizing the intrinsic cavity losses can save considerable energy on large scale for huge machines such as
FCC_eeH and FCC_eett .
Optimization problem of mid-cell can be formulated as:

.10%
max G.R/Q
A,B,a,b CORNELL ERL
3.4 Eo/Fgee = 2.0 TESLA
st. E k/Eacc —= Ripz 113.6 mm Igpk/%gcﬁz 2.0
—_ R; =110 mm ; = 113.6 mm
a = cy & L
G 3.2 >< &
Rl = C3 g 1 2( pk/EaC( =20
3 R; = 120 mms——
E 5 h; = 120 mm
- i
. U | ./CETPC.\.\'\. pk/En(‘(’—QO
g 2.81 S ,
R; = 130 mm
5 ‘\F\A\‘\AE’ A/E(ZCC — 2.0

90 92.5 95 97.5 100 102.5 105 107.5 110
a (degrees)
- All radii are for cavities scaled to 400.79 MHz
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Mid-cell optimization (II)

In selecting the constraints, the following points should be taken _ ool
into account: g o0
 High value of R/Q for fundamental mode 22
« Sufficient distance between the frequency of the fundamental O

mode and the frequency of the first dipole mode
« The distance between the frequency of TE,, and TM,,,

should be minimal to have less constraints on HOM coupler sl
design 5 o
« A small value of Epeqx/Eqcc helps to lower the danger of 22
field emission o
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Selecting Ri = 120 mm, a = 100 and Ep¢qx/Eqcc = 2.0 in the optimization problem yields:

| R/IQ| G | k
[Q] [Q] | [%]

400.79 13544 11490 4350 7119 120  333.182 187 100 2.0 4.2 109.5
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End-cell optimization (I)

End-cell is optimized with the following considerations:
Inner half-cell is equal with the optimized mid-cells
Keep location of Ej,¢qy and H, gy in the inner half-cell

Universitat (

Vary the end-cell aperture radius to get sufficiently small Q. in particular in the

first monopole and dipole band
Obtain a flat field along the longitudinal axis
Avoid having dangerous trapped modes in the cavity

80

Real Z, (K$2)
B @
o (]

()
o
T

Rostock

—— Impedance
---f atR_=156 mm
cut bp

........... f atR_ =140 mm|]
cut bp

—1f atR =120 mm
cut bp

0.2

0.4 0.6
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0.8

f (GHz)
Impedances are for bare cavity and the peaks are not fully resolved.
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Real Z_ (KS2/m)

100

— l I

— Impedance
- --f_ atR_ =156 mm
cut bp

eee-f @t R =140 mm
cut bp

_____ f atR_=120mm| |
cut bp

\...LJ.L

0.6

0.8
f(GHz)

1.2 1.4
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End-cell optimization (II)

A parameter sweep in four-dimensional space over four

parameters A,B,a and be of the end-cell is carried out ‘ 1!
« SLANS is used to simulate the geometry 081 108
«  The maximum magnetic field in the outer half-cell is 0.5% higher ~ =°| 1=
than that in the inner half-cell 0.4] 104
 The Epk location is in the inner side of the end-cell 0.2 10-2
« Anhigh value of field flatness (99%) is obtained automatically % 200 200 500 200 1000 1200
L [mm]
1 '
A, [mm] 133 0 |
B, [mm] 102
a, [mm] 34 E 0.6 1
b, [mm] 46 L
Ry, [mim] 156 w04 l
Ryq [mm] 333.182 02k ]
L, [mm] 171.532 v v v
O [0] 96.9 00 S(I)O IOIOO I(SIOO ) 2OI00 25IOO 3000
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Main Parameters

Ros. FCC-ee | Ros. FCC-ee | CERN LHeCVer.2 |  Jiab Ver. 2

Frequency [MHz] 400.79 801.58 801.58 801.58
Number of Cells 4 5 5 5
R/Q[Q] 411 521 393 523.9
Geometry Factor [Q] 273.2 273.7 283 274.7
Bpk /E__(mid-cell) [mT/(MV/m)] 4.2 4.2 4.92 4.2
E,,k/Em (mid-cell) 2.0 2.0 24 2.26
Cavity Active Length [mm] 1465.1 919.5 935 917.9
Iris radius [mm] 120 60 80 65
Beam Pipe radius [mm] 156 78 80 65
Wall angle (mid-cell) [degree] 100 100 102.5 90
Cell to cell coupling of mid cells [%)] 2.25 2.25 5.75 3.21
Field Flatness [%] 99 99 96 -
k| (o, = 2mm) [VIpC] 2.27 3.37 2.63 2.74
E 4cc [MVIm] 10 20 20 20
No. of cavities needed for H machine 134x2 108x2 108x2 108x2
Cutoff TE,, [GHZ] 0.563 1.126 1.10 1.35
Cutoff TM,, [GHz] 0.7355 1.471 1.43 1.77

Universitat |
Rostock

| 10/04/2018 UNIVERSITAT ROSTOCK | Fakultat fiir Informatik und Elektrotechnik
Traditio et Innovatio




Input Coupler

The impedance between generator and combined beam-cavity system should be matched in order to minimize
reflected power, consequently allowing to transfer maximum power to the cavity and thus to the beam.

1200 F |/ — Eacc=9.9 MV/m, 136 4-cell cav./beam
mmmtt, B =10.0 MV/m, 364 4-cell cav./beam
« Operating 52 cavities at optimum Q, of W —_W,E_ 9.6 MV/m, 52 4-cell cav./beam
results into around 11% and 21% increase in 1000 Z,E__ 5.1 MVim, 52 1-cell cav./beam
the total power for H and tt operations,
respectively. ~ 800y
» Operating 272 cavities at Q;, = 2 x 10° for i 600 -
H and tt results into around 4% increase in -9
total power in comparison with operating all 400 |
cavities at their optimal point.
« With a fixed E, .., changing the number of 200
cells has insignificant influence on optimum
QL because Qp—opt X Veqw/(R/Q) I T T
10 10 10 10 10 10

Universitat
Rostock

10/04/2018 UNIVERSITAT ROSTOCK | Fakultat fiir Informatik und Elektrotechnik

2 Traditio et Innovatio



HOM Coupler

« The notch effect of all couplers is tuned to
400.79 MHz for the monopole coupling.

* The DQW HOM coupler can deliver a high value of
transmission at both first higher order dipole and
monopole band.

LHC Probe-type LHC Ho;)k-type DQW HOM Coupler

0 TMO01-TEM transmission (Monopole coupling) 100 0 TE11-TEM transmission (Dipole coupling) 200
_ , . r I ]
I /l‘,‘\ |l‘ /
1
o ' o
3 ! 5 {120 g
0] 0]
: = : 2
= ——DQW, Cb=2 mm| 140 g —DQW, C =2mm| (% N
2100 6 mm|! 2 “
) 100 DQW, Cg76 mm :Cumﬂ,mm I o\ cutoff TE DQW, Cg76 mm Lo
_120F ——LHC, Hook I ——LHC, Hook
LHC, Probe ! LHC, Probe
_140 L | 1 L L | I L l_l 0 | | | | . | | 0
02 03 04 05 06 07 08 09 1 .1 12 ) . ) . 6 07 08 09 1 .1 12
f[GHz] f[GHz]
Impedances are for bare cavity and the peaks are not fully resolved.
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Beam stability threshold

The impedance threshold is the impedance for which the growth rate of the instability equals the
damping rate of the instability, which typically is defined by synchrotron radiation.

Longitudinal Impedance Transversal Impedance
—LHC-type HOM Coupler 1 —LHC-type HOM Coupler
109 x 2 DQW HOM Coupler | ol 2 DQW HOM Coupler |
ttlimit x 2 DQW Eigenmode Imp. | 107 ¥ 2 DQW Eigenmode Imp.
10° A S S 108 %
_________________ limit X
wrw - TTTTEImmm==—e 107 | limit
E 106"
& I x
» NI— X
10°:

X 1 2|
1 1 x* x\ 1 | % m& J 10: | | | § x Il 1 | &x
02 03 04 05 06 07 08 09 1 11 12 13 02 03 04 05 06 07 08 09 1 11 12 13
f [GHz] f [GHz]
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Impedance comparison

9
T T T T T T T 10 E T T T T T T T E
i —4-Cell 400 MHz, Wake Impedance | i —4-Cell 400 MHz, Wake Impedance |
109 3 —5-Cell 800 MHz, Wake Impedance - I —5-Cell 800 MHz, Wake Impedance |
L limit ] ]08 3 E
. ot
8 R, [ limit
10 ~  limit el 0 &
[ ~_ T e 7 limit
i T~ 00 7F=-=-====-=-=-=-=-"="="-"="=-"-"-"-"-—--—-"-"-"-"—-—-—--=-"=-=-=-=
105w T ; '
i 10° - E

[ limit

104l
_______ 103§
1025
02 04 06 08 1 1.2 14 16 1.8 2 22 24 02 04 06 08 1 12 14 16 1.8 2 22 24
f [GHz] f [GHZz]

* Impedance are calculated from a wake length of 1000 m.
* Thresholds are normalized to the number of cavities needed at 400 MHz.
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HOM power

Resonant excitation of dangerous monople modes

Z

W

H

ft

Average HOM power

VA

W

4-cell cavity at 400 MHz

4-cell cavity at 400 MHz

f[GHZ] | P W] | Pog W] | Pog W] | P [W] Bunch Length [mm] | P[kW] | P[kW] | P[kW] | P [kW]
0.75 | 42081 471 24 3 SR (3.5,3.0,3.15,1.97) | 47.95 5.09 1.16 0.81
118 | 55142 617 18 3 BS (12.1,6.0,5.3,254) | 17.34 2.89 0.76 0.66
5-cell cavity at 800 MHz 5-cell cavity at 800 MHz
f[GHz] | Preg W] | Preg W] | Prog W] | Pros [W] Bunch Length [mm] PIkW] | P[kW] | P[kW] | P [kW]
149 | 124118 | 13838 54 / SR(3.5,3.0,3.15,1.97) | 66.11 6.94 1.59 1.09
236 | 200861 | 2246 87 12 BS (12.1,6.0,5.3,2.54) | 23.91 4.09 1.06 0.89

* Resonance excitation power of two monopole modes with highest

longitudinal impedance
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* Average HOM power for both BS and SR bunch lengths calculated from Py p = kyqp!
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Impedance of a 4-cavity module

« The stability threshold can
increase by 1-2 orders of
magnitude if the frequency
spread between modules is
taken into account.

« Using a feedback system
can increase the stability
threshold above the
synchrotron radiation limit.
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Impedance of a module composed of 4-cell 400 MHz cavities

X x 4-Cavity/Module Eigenmode Imp.
3 x E
X
S
limit ]
h]imi ____________________________________
3 —x ___________________ _
X
3 X E
X
X
X
::\l_ilhnit X % .
b X %
X xxai
£
%%
3 e X E
§ X X
1 ! )>(<|)>‘2( ! ! \x L :I: SRS
03040506070809 1 1.11.21.3
f [GHz]

Z. [Q/m]

107

10102

X

X 4-Cavity/Module Eigenmode

Mainly trapped in the

beam pipes

%
L § X § x % g
» x: 5% XX

| *
P fimit X o
-

1 | ;‘"Ax:": . j:‘-.l:\ XX
0304050.60.70809

f [GHz]

Impedance thresholds are normalized to the number of modules
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Modes trapped in the beam pipes

- |

» For a beam pipe of radius 156 mm, the distance 34/2 ’ R Yoy ) -‘1 @ Tac s .E—ﬂ
between cavities ensures that the field of the = - — - —
fundamental mode at 400.79 MHz attenuates below Electric field density of the dipole mode with highest transversal impedance at frequency 0.579 GHz

-120 dB along the beam pipe.

R 3 \ f

A - ~ 5
\ ,./’\ A A _J -/ ‘\,_,f( - - \T W W

10" ‘
: O L=3M2=1.122m
. - O L=12m
« Three dipole modes around 0.579 GHz have a 107 X L=L3m
transverse impedance above the W threshold. The 08 b e .
energy of these modes is mainly located in the beam 1073 “““““““““““““““““““““““““ S
pipes. 2 A
T 10°¢ % § ;
. - §- % @ S s x}&\) !
« Varying the length between the cavities can lower N 10° @ % g g 2ol 2.1
the transverse impedance of these modes. Lo X s - x 8 %
107 C)sxbé é g ® o &
: X ) 6 § © o] ﬁ
100 9% % o X © ;
2? 8 & O
U
I | Q @ | X\ |
0.475 0.5 0.525 0.55 0.575 0.6
f [GHz]
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Module simulation

A catalogue containing the
information of all lossy
HOMs with their frequency,
quality factor, longitudinal
and transversal R/Q, the
percentage of coupling to
each port, etc. for a 4-cell
cavity at 400 MHz and a 5-
cell cavity at 800 MHz is
generated.  State  Space
Concatenation (SSC) method
Is used to simulate the whole
module.

Rostock

Mode 738: f = 1121.82 MHz, Qczt = 7.20 x 10°
R/Q=4.55x107*Q, R/Q, = 3.88 x 1077Q

x-plane

y-plane

z-plane (in second cell)

Port data

Mode 191: f = 745.58 MHz, Q¢ = 3.26 x 107
R/Q =991 x10'Q, R/Q = 9.56 x 1072Q

x-plane

y-plane

z-plane (in second cell)

Port data

Mode 100: f = 580.65 MHz, Qopr = 1.78 x 10°
R/Q=337x107°Q, R/Q, =2.98 x 10'Q

x-plane

y-plane

z-plane (in second cell)

Port data

.
-

Prypa = 56.66%
Py_5 =0.69%
Py, =0.57%
Py, =0.13%
Py =011%
Py_5 = 0.20%
Py =0.12%
P,_, = 0.96%
= 0.20%
Pop1 = 40.36%
Qppz = 3.13 x 10¢
Q4_2 = 2.56 x 10°
Qa_1 =3.12 x 10°
Qa_2 =1.38 x 107
Q31 = 1.66 x 107
(;)3 2 = 9.07 x 1(]0
Q2-1 =154 x 107
@Q1-2=1.85x10°
Qy_1 =897 x 106
Qpp1 = 4.40 x 10*

Prepz = 2.34%
Py_» = 4.56%
Py, =817%
Py_, =14.34%
P;_, =10.14%
P, »=12.73%
P,_, =16.27%
P,_, =18.87%
P_, =8290%
Pypr = 4.28%
Qppz = 1.39 x 104
Qa—2=17.15x10°
Q4-1 =3.99 x 10°
(23,2 = 2.)7 X 103
Q3_1=321 %103
Q2_2 = 2.56 x 10°
Q21 =2.00 x 10°
Q1_2=173 x 103
Q- =393 x10%
Qbp1 = 7.62 x 10°

([
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Popz = 52.00%
Py_» = 0.12%
Pi_1 = 0.13%
Py, = 0.00%

Py = 0.10%
Po_n =2.24%
Po_y = 0.48%
P_,=1.33%

Pi_; = 0.06%
Popr = 43.54%
Qppr = 1.38 x 101°
Q42 = 6.22 x 10'?
Q41 = 5.66 x 10'?
Qa_> = 1.88 x 1014
Qs_, =T7.03 x 10'2
Q22 =3.22 x 10"
Q21 = 1.51 x 102
Q12 = 5.40 x 101
@, =128x101
Qppr = 1.65 x 100
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The current hybrid scheme for FCC-ee at 400 and 800 MHz

1-Cell cavity at 400 MHz 4-Cell cavity at 400 MHz 5-Cell cavity at
1 800 MHz _
| 0. V1075 ™20 5.465 11093
I I I
No. Cav 52%2 | " (GV)
_rrw — | The total cavities heeded for both AT
I beams are : l
z Peay (kW] %62 '« 104 1-cell cavities at 400 MHz = More economical to combine W with H (less
Q,,[106] 0.045 I . "
e | e , (26 4-Cavity nhgdule) cavities)
* 272 4-cell cavities at 400 MHz :
No. Cav 52x2 . » Less impedance and HOM power for H
m—— > (68 4-cavity m:odule)
" - po- s 372 5'09”. cav:tles at800MHz  cpajjenges:
Q107 05 (93 4-cavity module) .
- : | «  High HOM power of 5.1 kW (2.9 kW) for W
Phou [KW] (SR /BS) 5.09/2.89 I
No. Cav 136%2 : » Impedance of W close to threshold
Eoce MV ’8 «  Large difference in Q,,, between W and others
H Pcav[kvv] 367 |
Q, [10°] 1.44 , »  High input power of around 1 MW is required
Pyou [KW] (SR /BS) 1.16/0.76 :
No. Cav 136x2 186x2
E, . MVIm] 98 19.9 Reorder and align both rings for the
tt Peay [KW] 150 158 rest
Q.. [109] 3.51 4.22
P.om [KW] (SR /BS) 0.81/0.66 1.09/0.89
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Three possible staging scenarios

Z W H tt
Total beam voltage [GV] 0.1 0.75 2.0 5.465 10.93
Voltage [GV] 0.1 0.75 2.0 2.0(5465) | 3.465 <
f [MHz] 400 400 400 400 800 3
-~ No. cell per cavity 1 4 4 4 5 S ©
% No. Cavities per beam 52 52 136 136 (364) 186 Ss
g E,. [MV/m] 5.1 9.6 9.8 9.8 (10.0) 19.9 &8
» P .oy [kKW] 962 962 367 150 (137) 158 g2
Q,.[10¢] 0.045 0.53 144 3.51(4.01) 4.22 S =
Puow (SR /BS) [kW] 95/3.7 5.09/2.89 1.16/0.76 0.81/0.66 | 1.09/0.89 | =
Voltage [GV] 0.1 0.75 2.0 2.0 (5.465) 3.465 <
f [MHZ] 400 400 400 400 800 8 4
N No. cell per cavity 1 2 2 2 5 S %
% No. Cavities per beam 52 100 268 268 (732) 186 os
& E,..[MV/m] 5.1 10.0 10.0 10.0 (10.0) 19.9 §§
»n P oy [kKW] 962 500 186 76 (68) 158 KR
Q,,[10] 0.045 0.59 1.58 3.86 (4.33) 4.22 S =
Puou (SR / BS) [kW] 9.5/3.7 1.91/1.19 0.44/0.31 0.28/0.24 | 1.09/0.89 o
Voltage [GV] 0.1 0.75 0.75 1.25 0.75 4715 <
f [MHZ] 400 400 400 800 400 800 3
cg No. cell per cavity 1 2 2 5 2 5 52
s No. Cavities per beam 92 100 100 68 100 252 oSS
g ... IMV/m] 5.1 10.0 10.0 19.7 10.0 20.0 58
« Py [KW] 962 500 207 430 77 167 =
Qg [107] 0.045 0.59 144 151 3.84 4.03 g =
Puou (SR /BS) [kW] 95/3.7 1.91/1.19 | 044/0.31 | 159/1.06 | 0.28/0.24 | 1.09/089 | *®

10/04/2018
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Summary

 Single cell Nb/Cu cavity at 400 MHz is considered for Z machine
* Ad-cell cavity at 400 MHz and a 5-cell cavity at 800 MHz was designed

» An optimization method was used to optimize the mid-cells for minimal losses with constraints on the different figures

of merit of an elliptical cavity
» Afixed input coupler could be used for both H and tt options at the cost of 4% increase in the total input power

» Obstacles of using 4-cell cavity at 400 MHz for W are

— High input power and different Q,,, compared with that for H and tt
— High HOM power of around 5.1 kW (for SR bunch length) and 2.9 kW (for BS bunch length)
— Transverse impedance is close to the limit set by synchrotron radiation
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APPENDIX
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HOM Power of a Module Composed of 4-cell Cavities at 400 MHz

1 cavity 2cavities 3cavities 4 cavities 5 cavities 6 cavities

« The HOM power for the H and tt options

k| (o, = 5.3 mm) [VIpC] 1.16 2.33 3.51 4.69 5.88 7.06
« The HOM power for the W option, on the k(o, = 2.54mm) [VIpC] 191 3.51 5.13 6.75 8.38 10.01
other hand, for one cavity/module is 5.1 kW HOM power for W beam [kW] 289 5.86 8.90 11.92 14.95 17.97
and 2-9 kW for SR and BS bunch length HOM power for H beam [kW] ~ 0.76 151 2.29 3.06 3.84 461
respectively HOM power for ff beam [kW] ~ 0.66 119 1.73 2.28 2.82 337
* Most of the HOM power is generated in the | | | | W
high frequency range where typically it is 750 —— |
. ; Total HOM power: 2888 W -
described by a broadband impedance model. s —% 1CaV|ty
- - = HOM power for f > 1.5 GHz: 2140 W
Most of the resonances in this frequency & 500 ]
range are above the beam pipe cutoff é’
frequency and propagate out of the cavity S
via the beam pipes.
0 I —
0 5 10 15 20

Frequency (GHz)
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Cernv2 and Jlab 5-cell HOM coupler optimization

TMO01-TEM transmission (Monopole coupling) TMO01-TEM transmission (Monopole coupling)
0r | 80 0r | 2000
rn-v (A AN A o
Lol Cern-v2 . ) ANTAN Lol Jlab \ / - K
1 1
— > — _
g -40 ﬁ:/w 60 g 40} /\\&_, _— 1500
5 anl = S ok D e e o }/ T
g 60 ! o , a0 2 *qE'S 60 LA \ 1000 £
© -80r : - N © -80 \ L W : ‘ N
g : , g : f
o 1007 ! —DQW 20 o 1007 ! —DQW - 500
-120 cutoff TM, ! —LHC Hook 120+ cutoff TM,, ! ———LHC Hook
: LHC Probe J I : LHC Probe
_140 L Il Il Lol A, L /. 1 L 0 _140 L L L 1 1Ll 1 1 [ L 0
06 08 1 1.2 14 16 18 2 22 24 06 08 1 1.2 14 16 18 2 22 24
f [GHz] f [GHz]
TE11-TEIM transmission (Dipole coupling) 300 or TE11-TEM transmi§sion (Dipole coupling) 0000
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Impedances are for bare cavity and the peaks are not fully resolved.

Universitat
Rostock

10/04/2018 UNIVERSITAT ROSTOCK | Fakultat fiir Informatik und Elektrotechnik

Traditio et Innovatio



Qe Of Cernv2, Jlab and Ros cavity

1010 » Ros cavity, 2 DQW Coupler ]
- X Ros cavity, LHC Coupler
9| X Jlab cavity, LHC Coupler i AL
107" X CERN cavity, LHC Coupler % i ‘\J)@
10°) E ) A \‘%
10" X : J
- ¥
0"‘" Lo i« Q. of first dipole band of Ros cavity is smaller because the
105 L b { ] frequencies of the first dipole band modes are more
E concentrated and could be damped easier by the HOM
104 - y coupler.
f .+ Few dipole modes of the first dipole band of the Ros cavity
10°% ¢ ; are above cutoff frequency and their damping is eased by
t help of beam pipes.
10 i« Using different type of couplers (LHC type couplers) lowers
the chance of having high Q. in frequencies for which the
0.6 coupler is not tuned (that helps to avoid having a trapped
f [GHZ] mode with Q. close to Q, of the cavity)
Nonlinear eigenmode solver of CST studio 2018
is used for the calculation of Q.
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Cernv2, Jlab and Ros

cavity impedance
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Impedance of 2-cell cavity at 400 MHz
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