FUTLRE
CIRCULAR
COLLIDER

Baseline & Cavity options for FCC-ee

T FCC-hh/
34m 106m p,oger

Franck Peauger on behalf of the FCC SRF team
SY/RF/SRF

29-June-2021

O FUTURE FCC Week 2021
CIRCULAR
COLLIDER

28 June 2021 to0 2 July 2021
P e * Point J and point D are straight sections dedicated to SRF

cavities (cryomodules) and klystrons
Total length of straight section without kickers: 2.2 km
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Newly investigated options

SWELL = very promising !
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Technogical
demonstrators
= Thin films: HIPIMS, ...
= Single cell SWELL
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FCCee RF system baseline @Fr

* Designed for fixed synchrotron radiation power of 50 MW per beam
 Elliptical shape

O. Brunner et al.
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Machine 26 Ftiie 26 m 42 TR 74 [ 19 r—

Booster 3 L10 A |21 e — 100 - 20 S—
400 MHz 1-cell cavities * 400 MHz 4-cell cavities i A g * 800 MHz 5-cell cavities
Nb/Cu, 4.5 K . Nb/Cu,4.5K ﬁr{ «  bulk Nb, 2K
104 cavities * 408 cavities ¥ 1;: * 852 cavities
Eacc=5 MV/m «  Eacc=10 MV/m ber "1 *  Eacc=20 MV/m
1 MW /cav « 1MW to 200 kW per cav. ¢ 200 kW/cav.

4 cav./cryom. * 4cav./cryom. * 4 cav./cryom.

Re-used for FCC-hh




FCCee RF system baseline

CDR FCC-ee: The Lepton Collider, 2019

Table 3.12: Detailed RF configuration of each machine and booster ring.

Z WW 7ZH tt, tt o
per booster per boo- per booster 2 booster 2 booster

beam | booster | beam ster beam | booster | beams beams
Total RF voltage 100 140 750 750 2000 2000 9500 9500 10930 10930
[MV]
Frequency [MHz] 400
RF voltage [MV] 100 140 750 750 2000 2000 4000 ‘ 2000 4000 | 2000
E,oo [MV/m] 5.1 8 9.6 9.6 9.8 9.8 10 10
# cell / cav 1 4 4 4 4 4
Veaity [MV] 1.92 12 144 | 144 147 14.7 15 15
# cavities 52 12 52 52 136 136 272 136 272 136
#CM 13 3 13 13 34 34 68 34 68 34
T operation [K] 4.5 4.5 4.5 4.5 4.5
Dyn losses/cav [W] 14 11 210 ‘ 26 202 29 210 30 210 30
Stat losses/cav [W] 8 8 8 8 8
Qeat 44107 6.6 10° 1.9 10° 410° 4.710°
Po0 [KW] 962 962 368 175 149
Frequency [MHz] 800
RF voltage [MV] 5500 7500 6930 8930
E,..[MV/m] 198 20 198 198
# cell / cav 5 5
Voity [IMV] 186 | 1875 | 186 18.6
# cavities 296 400 372 480
#CM T4 100 93 120
T operation [K] 2 2
Dyn losses/cav [W] 66 10 66 10
Stat losses/cav [W] 8 8
Quut 3.9 10° 5.6 10°
Pouw [KW] 176 155

(kW)

P.

m
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Required RF power per cavity as a function of loaded quality
factor QL with optimal detuning for beam loading compensation

L— il
W, 4-cell 400 MH ;
52 cavities/beam ,
1000 - 3 .
Q . d-cell 400 MHz#
ke 136 cavities/beam
800 | \ / §f Va1 4IMV. -
' H,5-cell 800 MHz 7 f tta, 5-cell 800 MHz
\ 108 cavities/beam ¢ 584 cavities f
600 "\ .-‘(-"C_‘._=18.5 MV S ‘\-"w_=1.8.7" MV ¢
W, 4-cell 400 MHz~
400 WM cavitoabenm tTo, 4-cell 400 MHF
cav 728 cavities
V. =150MV
cav
200 1
! ! Ll L
- 5 6 7 8
10 10 10 10 10

QL,U

Thesis of Shahnam Gorgi Zadeh
(Univ. of Rostock), supervised by Rama Calaga, 2020



“LHC type cavity” design for the Z machine (&

Single cell elliptical cavity (with a
longitudinal trapped mode)
High order mode power loss evaluation in future

circular electron-positron collider cavities,
Ivan Karpov et al., PRAB 21, 2018

Power loss << 1 KW for £ fip = 100

fon (ns)

400 A0 6N T
Frequency (MHz)

FIG. 21. Frequency ranges with acceptable power loss below
1 kW for different bunch spacings (green regions). Regions with
power loss above 1 kW are shown with red color. The vertical
black line corresponds to the position of HOM in the single-cell
cavity with the maximum frequency shift of =5 MHz The
considered frequency range is limited by the frequency of the
fundamental mode (400.79 MHz) and the cutoff frequency
(765 MHz).

= Single cell elliptical cavity (no longitudinal trapped mode) with 1 FPC
and 4 hooks type + 1 WG HOM couplers

v' F=400.79 MHz

v' Eacc =5.1 MV/m, Vcav = 1.9 MV
P =1MW (in CW)

input —

T T T T T T T 11.4
——3HIQRWG
= 3HIRWG
4HIRWG -
——4H
w2 H2P

Rect. waveguide
280 x 140 mm

f [GH7|

(¢) Longitudinal impedance of the four-cavity module with tapering

L Hook type HOM coupler
103 mm external diameter

Thesis of Shahnam Gorgi Zadeh
(Univ. of Rostock), supervised by Rama Calaga, 2020
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“LEP type cavity” design for the W,H machine &k

4-cell elliptical cavity with 1 FPC and a combination of two
DQW coaxial couplers and one waveguide coupler

Middle cell
Thesis of Shahnam Gorgi Zadeh
(Univ. of Rostock), supervised by Rama Calaga, 2020

Table 4.3: RF parameters of the proposed four-cell (FCCyrpss) and five-cell (FCCyross)

cavities. The cavities are compared with two five-cell cavities designed for operation in
PERLE [78, p. 61].

Table 4.1: A list of optimized middle cells with a different aperture radius, Epx/FE.c. and
A - a. The cavities are tuned to 400.79 MHz and the length of the half-cell is 187 mm for all
Parameters FCCurossa JFCCuross CERNz JLabg cases.
Frequency, fo [MHz] 400.79 801.58  801.58 801.58 A B a b Ri  Ra o £ 2% RIQ, G ke
Number of cells, N, 4 5 5 5 [mm]  [mm]  [mm]  [mm]  [mm]  [mm] ) - i) [ @ [%]
R/Qu,o [Q,] 411.3 520.6 393 593.9 141.60 llS.Tj :3{.51. 48.76 IICIC‘! 326?’54 15]0 213 38-1 127. 2756 L.SGI
G [Q] 273.2 272.9 283 274.6 135.44 11490  43.50 . 120 333.182 109.5
G- R/Q”D [Qz] 112367 142072 111219 143862
Bpi/ Eace (middle cell) [f1_] 1.2 1.2 1.92 1.2
Epi/ Eace (middle cell) 2.0 2.0 2.4 2.96
Cavity active length, L,ceive [mm)] 1465.1 919.5 935 917.9
Radius of the middle cells, R; [mn 120 60 80 65
Beam pipe radius, Ryp, [mm] 156 78 80 65 End cell
Wall angle of middle cell, o [°] 100 100 102.5 90
ke of the middle cell [%)] 2.25 2.25 5.75 3.21
ke of the cavity [%)] 1.92 2.04 5.19 2.93
Field flatness, ng [%] 99 99 96 99
ky (0. =2mm) [V/pC] 2.27 3.37 2.63 2.74
feut TE11 for Ry, [GHz] 0.563 1.126 1.10 1.35
feu TMy; for Ry, [GHZ] 0.7355 1.471 1.43 1.77 Table 4.2: End cell parameters.
N2 - : A. B a. b Ry Reg L

* . y [mm] [mm)]
The designed cells are adapted to a four-cell cavity at 400.79 MHz and a five-cell

[mm] [mm] [mm]
cavity at 801.58 MHz.

[mm)] [mm]

133 102 34 46 156 333.182 171.532
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800 MHz 5-cell cavity design for the ttb machine( &

—_
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= Scaled from the UROS4 geometry
= 1 FPCand a combination of two DQW coaxial couplers i
. 10°F
and one waveguide coupler
Eméi
=} [
Thesis of Shahnam Gorgi Zadeh _41052
(Univ. of Rostock), supervised by Rama Calaga, 2020 N
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(b) Transversal impedance

Figure 6.19: Longitudinal impedance (a) and transversal impedance (b) of the single five-
cell-cavity module. The wake impedances (solid lines) are calculated and extrapolated
from the wake potentials with a wakelength of 1000m. The markers correspond to
the lossy eigenmodes calculated with the SSC method. The impedance thresholds are
normalized to the number of cavities required for each energy option. The mode with
high longitudinal impedance at 2.24 GHz is an octopole mode with Qex = 1.4 x 10® and
R/Qy=3.6x107"%

2DQWI1RWG




FUTLRE

Tentative design of alternative cavity shapes (&

Can we find a generic cavity able to cover all ‘
the FCCee machines ? | =
J 7
LHC QWR Verl QWR Ver2
Re- QWR QWR —
Parameters LHC HWR entrant | Verl Ver2 Spoke
Frequency [MHz] 400.79 ‘ ‘
Operating temperature [K] 4.5 —= =
Nominal Accelerating Voltage
4 Re-entrant Spoke HWR

| Vaee = (Epe X L) [MV]

Accelerating gradient E, .. [MV/m] 10.6 e . )
= QWRs are excluded due to the difficulty to achieve at the same time the resonance at
Circuit r/Q [Q] at B=1 427 | 41.9 | 44.33 | 46.69 | 44.8 | 63.25 400 MHz, the synchronization with =1 particle velocity and a large beam aperture
E /E..atp=1 2.4 2.15 6.05 3.92 3.97 3.85 .. .. . . .
ol Eacc 3t B = Spoke cavities look promising but are very difficult to coat with Nb thin films
B/ Eacc [MT/(MV/m)] at B=1 508 | 5.25 | 11.05 | 7.22 | 7.31 10

= A novel design of HWR with two poles is proposed and seems to be appropriate to
the Nb sputtering technics. Also, very low surface fields is achieved with the help of
spline type contours. However, the large cavity dimensions and the large number of

Manx. surface electric field E, [MV/m] | 25.7 23 64.7 42 42.77 | 41.14
Max. surface magnetic field B, [mT] 54.3 56.3 118.2 77.4 78.88 | 106.75

;mlred energy [J] at nominal . and 74 76 7148 | 67.8 | 703 | 50.32 HOM disqualify this geometry for FCCee
Aperture [mm] 300 170 220 313.5 220 283.7 = The re-entrant cavity design looks also encouraging as it is very compact and has a
Cavity envelope [mm] 638 790 556 637 665 543.8 clean HOM spectrum. Nevertheless, the operation at high accelerating gradient is

limited due to high peak fields on the cavity surface
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Re-entrant cavity Half Wave Resonator SOLLIDER
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I 7AG11E+06 InSplred “200 MHz SC-RF .ggéééég
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61301E+06 system for the HL-LHC”, e
5.6265E+06 %
5 1150£406 R. Calaga, R. Tomas 55%33333
4.6035E+06 1413.3334
Pt IPAC2016 B
' Frwrrvieg of PPU I3, B Aave ey om0
A 200 MMz SC-HFESYSTEM POR THE HL-LNC
R Cobogan B Towsts, CERN, Gevwvn, Sa oo hnd

yreg, hopter v o
0 Nk S e bl
Wl b gt s N bl
B P vy

INTRODUCTHIN o — =

81932119

74433779

6703.5435

59587090 e

52138745

[EE—— |

44590400 0 300 600 (mm)

37242081

2879.3716

22345371

14897030 1.E+01 1.E+02

e 000 1.E+01 1E+02 ) '

——Longitudinal —
— = a 1.E+01 E
g LE+00 Transverse 1.E+01 g E. 1.E+00 }‘I a
= P =
] = 2 fh ﬂ \‘ i 1E+00 o
2 LE+00 g g / | 1‘ A : 8
o 1.E-01 < T LE01 1 £
g L a -]
E 1E01 & E ‘ 1.E-01 dé_
= ® £
g 1E02 E £ 1E02 -
5 1LE02 2 E 1E02 8
2 ] = ——Longitudinal 2
£ 1e03 2 S 1E03 . <
9 1.E-03 E ] ransverse 1.E-03 £
1.E-04 1.E-04 1.E-04 1.E-04
0 0.2 04 06 038 1 1.2 14 16 1.8 2 0 0.2 04 06 0.8 1 1.2 14 16 1.8 2

Frequency (GHz) Frequency (GHz)




COLLIDER

I Elliptical cavity with slotted waveguides O 8o

T 2 months of intense pre-study

The approach of elliptical cavity equipped with radial slots
crossing perpendicularly the cavity surface was evaluated

=  This concept was already explored by Liu and Nassiri in 2010:

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 13, 012001 (2010)

Novel superconducting rf structure for ampere-class beam current
for multi-GeV energy recovery linacs

Z. Liu'"” and A. Nassiri”

'Institute of Heavy lon Physics, Peking University, Beijing, China
*Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, Hlinois 60439, USA
(Received 12 August 2009; published 6 January 2010)

=  Among the different cavity options described before, this cavity
alternative for FCCee type was by far the most promising

= Fast and systematic RF simulations mixing eigenmode and
wakefields calculations were performed

Jan. 2021

» The cavity performances were evaluated for different number
of cells (from 1 to 4), different number of slots (from 4 to 8) and

different operating frequencies (400, 600, 800 MHz) The SWELL sSu percond UCtl ng Ca.Vlty
» |n particular, we checked that the longitudinal and transverse
beam impedance of dangerous higher order modes are near (at CERN) was born

the threshold limits of multibunch instabilities




FUTURE
SWELL CIRCULAR
COLLIDER

Slots (x4)

= 2-cell, scaled from the UROS4 geometry

= 1FPC

= 4 slots, 8 coaxial HOM extractors (for transverse modes)
= 2 HOM WGs (for longitudinal modes)

&
HOM extractors (x8) §

Z w H ttbar2
Frequency [MHz] 600
r/Q [Q] (circuit definition) 96.7
Transit Time Factor 0.579
G[Q] 272.2
Lacc [m] 0.5
Epk/Eacc 2.86
Bpk/Eacc [mT/(MV/m)] 5.72
Accelerating voltage [MV] 1.2 3 8 10
Accelerating gradient Eacc [MV/m] 2.4 6 16 20
Max. surface electric field Epk [MV/m] | 6.9 17.2 45.8 57.2
Max. surface magnetic field Bpk [mT] | 13.7 34.3 91.5 114.4
Stored energy [J] 2 12.3 87.8 137.2

11 H 73
A Superconducting Slotted Waveguide Elliptical Cavity for FCC-ee, See talk “The SWELL cavity development”, Igor Syratchev(

Y. Syratchev, F. Peauger, Y. Karpov, O. Brunner, June 25, 2021
: https://zenodo.org/record/5031953#.YNngQBHitPY




%E FUTURE
SW%E.L SWELL cavity for Z option @Fi

1000 Install 84 cavities per beam for the Z energy at nominal current
of 1.39 A
= The RF power has an optimum loaded quality factor of
800 - QL=1.5x10%, and each cavity requires a minimum CW RF
power of 600 kW
= The cavity operating voltage is Vacc = 1.2 MV,
< 600 - corresponding to a gradient of Eacc = 2.4 MV/m
=3
& 200 - = The optimal detuning value is AF = 62.6 kHz
. —(R/Q0)folosin¢s
Af* = ‘
200 1 2Veay
= The HOM power per cavity is about 6.6 kW of at nominal
0 e T R A A S beam current
104 10° 108 107 108 Pron = Ky nom@ulo
QL
84 klystrons / 84 cavities / 42 cryomodules per beam ] Both’ the HOM power and the detuning are Cha”enging'

Y@ V@ V@ ......... Y@ but considered as achievable




%E FUTURE
SweLL SWELL cavity for W and H options OF

1000 Install 166 additional cavities per beam (total of 250 cavities
I I
omi per beam)
250 cav/beam
. = for the W energy: Vacc =3 MV, Eacc = 6 MV/m
800 1 PlogsHOM. &5 - 1133 W = for the H energy: Vacc = 8 MV, Eacc = 16 MV/m
c00 = A common loaded quality factor of QL = 6.4x10° is
= . necessary, and the CW RF power levels is only about
at 0.0.2
E S 300 kW per cavity
= rlc = 19250 H H
5 00 DFopt = 1104z = Each existing 600 kW RF power sources can feed now
Pine HOM B = 205 W two cavities
200 -
D T T LA | T T LA | T T LA | T T T
104 10° 108 107 108
QL
84 klystrons / 168 cavities / 84 cryomodules per beam | +41 klystrons / 82 cavities / 41 cryomodules per beam

G T o oA oA




I O Y
SWELL Z operation with H machine ESLLIDER

1000 T 7
'l_.:-'ca LI C 1474 - . . .
5.5°_f5~;'?§gm, Operating this RF system at the Z energy for physics
EIE.;F?FT}:S;EEL . calibration is possible, with a drastic reduction of beam
800 4 |:'|E§::H-5F-1_3§ “ 1133w current.
600 = The 250 mA mentioned on this plot shall be considered as a
E s i high limit, since the detailed analysis of the cavity-beam
= 250 caveam interaction are not yet included
e ] DFapt = -110 Hz
. P s
——— =  The beam stability criteria will define the maximum beam
current and most appropriate accelerating voltage, while
200 A keeping the RF power below 300 kW and the loaded Q factor
as close to 6.4x10°
D T T LA | T T LA | T LA | T T T
10% 10° 108 107 108
QL
84 klystrons / 168 cavities / 84 cryomodules per beam | +41 klystrons / 82 cavities / 41 cryomodules per beam

G T o oA oA
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SWELL cavity for ttb2 option

1000 T
W at 0.1474
3.0 MY
250 cav/beam
r0c =192.50
DFopt = -2536 Hz
. Ploss_FM_BS = 637 W
800 Ploss HOM_BS = 1133 W
600
g H at 0.0294
= B.O MV
P 250 cav/beam
= rQc =192.50
i DFopt = -110 Hz
400 Ploss_FM_BS = 151 W
Ploss_HOM_BS = 295 W
tthar2 at 0.010BA
200 + 10.0 MV, 601.1E5 MHz
1083 cav (2 beams)
rfQc =19250
DFopt = -34 Hz
Ploss_FM_BS =72 W
Ploss_HOM_BS = 234 W
10% 10° 108 107 108

QL

84 klystrons / 168 cavities / 84 cryomodules per beam

+41 klystrons / 82 cavities / 41 cryomodules per beam

Y@’@Y@mﬁvﬂﬁﬂﬂv ]ﬂ):ﬂ)zﬂco,(ﬁf .........
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Install 300 additional cavities per beam and re-align them

for ttb energies
= Vacc =10 MV, Eacc =20 MV/m

= |t corresponds to Epk =57.2 MV/m, Bpk =114.4 mT

— ultimate working point for the SWELL cavity

The already installed 250 cavities per beam are compatible

with ttb2 option

“Standard” elliptical cavities (with 4 or 5 cells) and solid

state amplifiers could certainly be considered

+150 klystrons / 300 cavities / 150 cryomodules per beam

o L A s A 5o
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SweL 1.3 GHz single cell SWELL @F i
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a SWELL version of the “standard”
1.3 GHz single cell SRF cavity has

been designed F (GHz) 1.301
v' Derived from Tesla shape cavity R/Q linac (Q) 122.9
v" Simplified geometry (closed slots)
Lacc (mm) 115.3 L
Epk/Eacc 2.01
RF Errc?r stuc?lles and multipacting Bpk/Eace 461 -
analysis are in progress o
G (Q) 265.56 -

F. Peauger,
l. Syratchev




1.3 GHz single cell SWELL O &

Cooling
channels

= The cavity is made of 4 copper quadrants
machined, niobium coated and assembled in
clean room

= Thermal and mechanical design of the cavity are
In progress

= RF Test at 4.5 Kand 2 K are foreseen in SM18 at
CERN

Nb coating

M. Timmins, O. Capatina, S. Atieh, G.
Rosaz, M. Therasse, V. Parma
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SWELL

Summary @F

» A working solution has been confirmed for the RF system baseline design, with a traditional approach

» This baseline has been challenged by various alternative - and innovative - cavity design

(@)

O O O O

HWR

QWR
Re-entrant
Spoke

Slotted elliptical

» The SWELL cavity has been identified by far as the most promising alternative option which offers an opportunity to
operate with a single cavity type for (almost) all the FCCee energy options

O
O

SWELL technology is compatible with Nb/Cu coating technology
SWELL technology is “seamless” by its nature (no assembly joints on high electromagnetic field regions)

» A staged cryomodules and klystrons installation scheme has been proposed, optimizing the overall RF configuration and
minimizing the installation shutdowns

» The frequency choice of 600 MHz is mainly driven by the SWELL cavity, which is not (yet) a proven technology. The
study of a back-up solution is envisaged in collaboration with JLAB and the EIC project

» A “demo SWELL cavity” at 1.3 GHz will be built and tested at cryogenic temperature
Thank you for your attention




