HOM-Damping Studies in a Multi-Cell Elliptical
Superconducting RF Cavity for the Multi-Turn Energy
Recovery Linac PERLE
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The PERLE accelerator complex

PERLE (Powerful Energy Recovery Linac for Experiments): multi-turn ERL (Energy Recovery Linac) based on SRF
technology currently under study and later to be hosted at Orsay (France)

Recirculating

Arcs (1:3:5)
R I I T

gy Recovery Linacs (ERL 22), Cornell University,

Dump (AE = 82 MeV) Injection energy
(7 MeV) Electron beam energy MeV 500
Normalized Emittance Ye, , mm-mrad 6
Recirculati Average beam current mA 20
ecirculatin
Arcs (2_4_6)9 inac 1 Bunch charge pC 500
- ) (AE = 82 MeV) Bunch length mm 3
& f."‘ LY Bunch spacing ns 25
Injector RF frequency MHz 801.58
(7 MeV) Duty factor CW (Continuous Wave)

AC in arc 6 = Agg/2 Footprint: 31.7 x 5.5 x 0.9 m?

Testbed for studying a wide range of accelerator phenomena
e 2 Linacs (four 5-cell 801.58 MHz SC cavities)

*  3turns (164 MeV/turn): 3 passes “up” (E,...=500 MeV), 3 passes “down” (energy recovery phase)
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The 5-cell SRF cavity for PERLE

The first 801.58 MHz 5-cell elliptical Nb cavity has already been fabricated and successfully tested at JLab in
October 2017 [1].

s (ERL 22), Cornell University,

Frequency [MHz] 801.58
Temperature [K] 2.0
Cavity active length [mm] 917.9
R/Q [Q] 523.9
Geometry Factor (G) [Q] 274.6
Bpk/Em (mid-cell) [mT/(MV/m)] 4.20
Epk/Em (mid-cell) [-] 2.26
Cell-to-cell coupling k., [%] 3.21
Iris radius [mm] 65
Beam Pipe radius [mm] 65
20 1 Mid-cell equator diameter [mm] 328
End-cell equator diameter [mm] 328
Wall angle [degree] 0
Cutoff TE;; [GHz] 1.35
Cutoff TM, [GHZz] 1.77

25.92,
25.92

65
SN - N

89.15 ! 89.15

Mid-cell End-cell
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Higher Order Modes

HOM-damping for an ERL is a challenge due to the presence of many turns (undesired losses and multi-bunch

ilities)

beam instab

933.53 MHz

E-field - TE111 mode (Dipole HOM) - f

1374.73 MHz

TMO011 mode (Monopole HOM) - f

ield -
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Why are HOMs dangerous for beam dynamics?

ing/phase errors and energy spread

2
‘©
=
>
x
>
©
(@)
=
(7]
v
)
(7]
°
)
©
]
i -
2
(S
(4}
c
>
©
©
| -
)
x
()
(@)
+—
Q
o+
>
0
-
s
[
o
(@)

E
St
s S
23 3 <
Q
o =
© c m
o O e
{ (@]
o k=3
S °* e N

2379 A

Mazemgm (Pot)

Mamum on Pare (Fict) £14485 Alm

unstable beam

can deflect the beam (kick) from its reference orb
motion, transverse emittance growth, beam loss

TM110 mode




HOM numerical simulations (CST Studio Suite® and COMSOL Multiphysics®)

=
=
g  3D-Eigenmode simulations (cavity) — Frequency domain
c
2 Helmholtz equations Boundary conditions TMO1-1r mode (FM) — f =801.58 MHz
o N LD LmEm fRED PEC
< VZE + w?usE =0 NXE=0 and n-H=0 on 0Qpgc |
S PMC PMC
N VZH + w?usH = 0 N-E=0 and nXH=00n 0J0Qpyc
- = ==
E Assumption: PEC (Perfect Electric Conductor) on
;’ conducting walls (Nb) and interior domain of vacuum
& . 3D-Wakefield simulations (cavity-beam interaction) — Time domain
i Wake function g, = excitation bunch PEC w(r,s) = wake function =
g 1 *e T~ test chargy o s charge g
o A geq,
wir,s) = —— | dza[B(r2,0) + 2 X B2, Omissar
q9192 J_ open [N open

Wakefield in an elliptical

Impedance in frequency domain (FFT of the wake function) cavity.

+ 00
Z((.l)) — J dt W(t)e —jwt The energy left behind q; is called wakefield.
—0o
. BBU analyses ow b,
. Determine the impedance budget for monopole and dipole modes i_j;.'
P S y i
*  HOM-coupler power transmission — Frequency domain - /; |

*  Coupler optimization R lr
. RF-heating studies _—E | ||




3D-Eigenmode simulation: HOMs identification

=
= . .
o . In a cavity the beam excites a voltage along the so-called 100 T 1400
g . T™MO010 +47/5 TE11 ®  R/Q) monopole modes
= shunt impedance R TE111 s RIQ. dipolemodes 1500
- 80
— I |74 !
& = - 7 — TMI110 T™MOTI 1000
E Cnvny‘ ———————————————————————————— ' 37[/5
: Y | 431/5 "y Trapped mode
Q . : ‘ 60 2n/5 e 3
N : 3 3 ) 4n/3 Y | 800
N i i — S ‘ ™I | s
3 ZOE ‘ L R _ C; Beam 2 40 I/54 o ) 600
o : | 4371/5 \
= i : ! \ | 5 400
v “- ‘ T . TMO012 n-mode
\ ‘ 20 4m/5
Generator Cavity \ Simpification: sngle made 27/5 ‘:47{/5 200
T 2n/5 T™O1
Paiss = fsmlle as iy 0.8 10 12 1.4 1.6 1.8 20 22 24
Frequency [GHz]
itudinal T R/Q[Q . .
Langitudinal R/Q [0] ransverse R/Q [0/m] . R/Q represents the interaction between the beam and the RF
R |V (r = 0)|2 R |V (r=1)) =V, (r= 0)|2 field inside the cavity. It depends on the cavity geometry only.
In\I' — _ i\ = To) 7 Vin\l —
51 - wn U, at — kr2w, Uy, ) Dangerous HOMs have high R/Q values (TM011 monopole
n nn and TE111, TM110 dipole)
Shunt Longitudinal impedance [Q] Shunt Transverse impedance [Q/m]
. Damping HOMs means reducing the shunt impedance,
R, — 5 .0 R. — 5 .0 having a low loaded quality factor Q, (in SRF cavities Q,=Q,)
1= L tr = L
Ql,n Qtr,n
. Higher the power extracted P,,, from the HOM-couplers, lower Q;, and i _ Pyoss _ Peay + Pextq + Pexeo +

lower the shunt impedance for the HOMs Q, w,U, wn, Uy 6

R/Q | [Q/m]



Wakefield simulation: Multi-beam Excitation Scheme and Customized FFT script

s (ERL 22), Cornell University,

Normalized Monopole HOM Impedance [Ohm]

108

106

104 4

102

100

102

The implemented method allows to excite separately monopole, and dipole modes, suppressing unwanted modes [2].

H,=0 One beam

Monopole modes

Normalized Impedance

T
CST/Python resolved
CST Output Impedance
e CST Eigenmode R/Q*QO - el_cond=1e+05 S/m
TMO1 cutoff
Main beam spectral lines

T™O012

TMOZI'. . f

——

T T T
12 1.6 2.0

Frequency [GHz]

Longitudinal wake impedance [Q]

1
Z“(r,a)) = E_[

— 00

(o]

_JwS
wy(r,s)e ¢ ds

2.4

Normalized Transverse Impedance [Ohm/m]

107

109 o

10° 4

103 4

102

E=0 One beam

Dipole modes — polar 1

Normalized Transverse Impedances dx=3 mm - El. Cond = 1e+05 S/m

I CST/Python resolved
I CST Output Impedance
I » CST Dipole Eigenmode R/Q*Q0
' MILL  --- TE11 cuteff
| Main beam spectral lines
I
I
I
I
I
I

TE112

I
‘ 1
TELLL TMIIOI
|
|
|
I
I
|
|

y

—

I
<N A
v
Do
v

T T T
0.4 0.8 12 16 2.0

Frequency [GHz]

2.8

107

105 4

Two beams

Dipole modes — polar 2

Normallzed Transverse Impedance - dx=3 mm - El. Cond = 1e+05 S/m

|
T¢111 T™M110 | :
TMll]f

CST/Python resclved

CST Output Impedance

CST Dipole Eigenmode R/Q*Q0
TE11 cutoff

Main beam spectral lines

| o
!
TE112 T™M121

Frequency [GHz]

Transverse wake impedance [Q/m] — Panofsky-Wenzel Theorem

jBc
ZJ_(rJ (l)) = OT

VJ_Z”(I',(U)

n’'o

We built with JLab a customized FFT script in Python which allows solving impedance peaks more accurately than in CST (a factor 3 compared

with the eigenmode solution) [3]
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HOM coupler optimization

Z p
= ext Monopole transmission
5 Port 2 20
g (Output) T™OLL 11 ol
k= 0 [
= P =20
c g i
(e} ‘ = —40
T Port 1 5} I
| (Cavity side) “E’ =60 1 .
g ™\ Optimized ! I —— Probe des.lgn
; -80 region 1 ~——— Hook design
! —— DQW design

-100 tmo1d
/// ~120 : uik” TMO12

Port3 HOM field "
(Rear-side) ~140 ), Ll 1
06 08 10 12 14 16 18 20 22 24
Probe Hook bDQwW Frequency [GHz]
design design design
Dipole transmission
20 —_—
. . . I I TE11
e HOM couplers are geometrically optimized according to the HOM 5 I I )
|

spectrum (Z);and Z, )
* The S-parameters between the beam pipe port 1 and port 2 at the
coaxial output of the coupler are studied.

—— Probe design
—— Hook design

e The DQW coupler exhibits a better monopole coupling for TM010
—— DQW design

mode than the probe design.
 The hook coupler provides higher damping of the first two dipole 120
TM111

|
|
passbands (TE111 and TM110) Jl ,ﬂl
-140 ! A

0.6 08 10 12 14 16 18 20 22 24
Frequency [GHz]
8

S-Parameter [dB]
&
=

=
(=3 ]
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L 22), Cornell University,

BBU analyses

Threshold current for a single dipole HOM for the jt-pass in a multi-pass machine
[4]*:

Injector

—ijC

Ithj = le,] pLZJ
L1J in 1,j LZJ in A2,j
(Q)QZ Rl e ey Vi
out out

2:4:6 Supposing a beam current of 120 mA (PERLE total current), we can calculate the
AC in arc 6 = hge/2 Dump . . . cpess .
maximum allowed Q. to avoid beam instabilities as well as the impedance budget
Maximum Allowed Z, [Ohm/m] for pass 6-passes - Dipole HOMs Maximum Allowed Q. for 6-passes - Dipole HOMs
1.00E+10 . 1.00E+12 ]
gl 1.00E+11 gl T™M121
TE11l tmilo ol T™M111 TE112 TM120 TM121 TE121 TE111 ol TE121
1.00E+09 =1 1.00E+10 al TM120 :
ee 0 0 soom E: [ete) . ) »e wecew 2 E: TE112 . 2
A
g mumEm m m m PP EE L e T @ .
5 LOOE+08 |k A & Ak kkk : Adk A MA MAAAM gl.oomos } : 3 : ok 20
N A A A 2 a 4 A @4
66 0 00000 1 it . 2 " “oson LOOE+07 | & £ a I . A ‘g ™y M.ﬂ.
V\| : 3 I . " «' 0!;‘
1.00E+07 I 1.00E+06 I ¢ Ly
ass 6 R ra Aes
M7 P00 = 2.81E + 07 Ohm/m Rodmg 5 Tos 6
I 1.00E+05 “0 Ay 1 Qp — 2 12E + 04
I Cee—T | ¥extrmiig
1.00E+06 - 1.00E+04 -
0.9 L1 1.3 1.5 1.7 1.9 21 2.3 2.5 2.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 23 25 2.7
Frequency [GHz] Frequency [GHz]
®L1P1 eL2Pl L1P2 ®L2P2 "L1P3 ®L2P3 AL-1P4 AL-2-P4 /L-1P5 AL-2P5S ¢L-1P6 ¢L-2P6 L1Pl ®L2Pl ~L1P2 ®L2P2 ~L1P3 ®L2P3 AL-1P4 AL-2P4 /L-1P5 AL-2P5 ®L-1P6 ®L-2P6

*Transfer matrices were provided by Dr. Sadiq Setiniyaz and Dr. Robert Apsimon, Lancaster University & Cockcroft Institute, Daresbury Laboratory.



covery Linacs (ERL 22), Cornell University,

Q.. evaluation for a 2-HOM coupler scheme

1.00E+09
1.00E+08
1.00E+07
1.00E+06
~ 1.00E+05
B
O 1.00E+04
1.00E+03
1.00E+02
1.00E+01

1.00E+00
0.9

Hook
#
&
. Hook
K
W
TEI111 and TM110 passbands
& 2m/5
TE111
/5
PN T™M110 /5
o7 d
31/5 s 2m/5
o () 4r/5 N 41 /5
o ¢ ¢ ¢ o8
‘ :
® L] (]
e 8 s :. 3m/58
°®

092 094 096 098 1 1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16  1.18 1.2
Frequency [GHz]

# 6 passes ®2-DQW couplers @ 2-Hook couplers

2 Hook couplers (one coupler per side), rotated by
90° to coupler both dipole polarizations

Compute the Q,, at the coupler port for the excited
dipole HOMs

Compare the obtained Q. with the maximum
allowed Q_,, from BBU analyses

In general, the 2-Hook coupler scheme couples
better TE111 and TM110 passbands than the 2-
DQW coupler scheme

2-Hook scheme shows a Q. comparable to that
one obtained in BBU analyses for the 2 /5 TM110
mode

2-DQW scheme shows a Q,,, comparable to that
one obtained in BBU analyses for the m/5 TE111
mode
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HOM-damping schemes (5-cell cavity + HOM couplers)

=
g . Objective: extract the energy of the dangerous HOMs from the cavity through HOM couplers.
= Longitudinal impedance spectra of the cavit
2 10° J P P / 4 bioh Hook 2H2P scheme
Q -_El’_l ----------------------------- ———o — 4DQW couplers _ be rooe s
g 106 Z|| —— 2H2P couplers \arz\‘ xv Probe
() %
= Hook </
4 TMO10 e
m — 10 TMO011 l -0
= g TMo21 FPC ),
- =1 TM020
8 0
.g 10 b FPC 4DQW scheme
> 10° t§ \ea"i\, // DQW(x4)
o b
-4 ncé /g JL‘
006 08 10 12 14 16 18 20 22 24 f L
Frequency [GHz] <G
o Transverse impedance spectra of the cavity
—— 4DQW couplers - Dipl . .
o 2 3 - 4DQW couplers - Dig2 e The damping scheme with four DQW couplers
____________________________ Passes _ _ ____ —— 2H2Pcouplers-Dipl - .« . . .
_______________ TM110___{ 6passes _______--- 2H2PcouilerS-Di§2 i shows romisin results in dampin both
10* L TE111 T™111
E ' - B2 monopole and dipole HOMs
2 \
%10 S sl (' NGRS | (TR VAT VS| (v, e Computed impedance levels are below the
RRTRR TN N L L v A . N
o ! HUREARE (1M analytically-computed beam-stability limits for
- ' 5 ! i . . .
10° kick B both configurations, however very low margin
P Z for TM110 mode in 2H2P configuration.

0o 08 10 12 14 16 18 20 22 24
Frequency [GHz] 11



RF-Heating Analysis (COMSOL Multiphysics®) — Fundamental Mode

H-field [A/m] - TM010 mode

A 159x10* — T
n . . ~
e N Ceramic window /| .
- I I

overy Linacs (ERL 22), Cornell University,

Temperature [K] ~TM010 mode *  Electric surface current for the it HOM _ Epi [MV/m] B, [MT]

Surface: Temperature (K}~ -
A Hook-coupler 19.63 21.22
. 2 _ *1C — 2 2
PSS I = f H;-H; dS = j |H;|“dS [A7] Probe-coupler  34.30 31.83
— N, Scoupler Scoupler
! DQW-coupler 45.13 70.27
“ *  Power dissipation on the conductor Pajss-inner | Paiss-outer | 1 K]
) [mW] [mW] max
2.2:"_ \ _ 2 -
Pgissi = = Rs(T)I? [W] Hook 321 1.57 2.86
| B 2 coupler
L FEIse: 5.02 1.99 3.03
\ coupler
. . DQW-
*  Evaluation of the maximum temperature ol 38.11 2.13 4.41

12



, Cornell University,

HOM coupler fabrication

Mechanical design of the Hook coupler for the PERLE cavity has been made at IJCLab (Samuel Roset,

Patricia Duchesne, Gilles Olivier, Guillaume Olry - 1JCLab)
The coupler has been 3D printed in epoxy by CERN Geneva Polimer Lab, and it will be copper coated

(Sébastien Clement, Simon Barriere, Pierre Maurin, Romain Gerard)

* The coupler will be installed next week at JLab on
a 1-cell 801.58 MHz copper elliptical cavity to test
HOM coupler performance.

13
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Conclusions and perspectives

Conclusions:

Eigenmode and wakefield analyses were carried-out in CST Studio Suite® to investigate the HOM behavior of PERLE Cavity.
Potentially dangerous monopole and dipole HOMs were identified and classified until 2.4 GHz. A trapped monopole HOM
was found at ~2.25 GHz.

An analytical formulation to calculate the threshold current for a single dipole HOM for the jt-pass in a multi-pass ERL was
developed.

HOM-damping scheme studies: 4 DQW couplers seem to provide better damping than 2 Hook + 2 Probe couplers
configuration both for dipole and monopole HOMs. Computed impedance levels are below the analytically-computed
beam-stability limits.

RF-heating analyses were performed on the HOM couplers. The highest field and temperature were detected on the
antenna of the DQW coupler.

The first mechanical design of the Hook coupler has been made, and it has already been fabricated in additive
manufacturing (epoxy + copper coating)

Future studies:

Experimental tests on Q4 2022 and Q1 2023 of a 1-cell and 5-cell 801.58 MHz copper cavity at JLab to test the fabricated
HOM couplers

Simulate beam stability thresholds for longitudinal and transverse impedance through tracking codes

RF-heating analyses of HOM coupler antenna for the HOMs, and evaluate if an active cooling of the antenna is required.
14
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