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PERLE and the 5-cell SRF cavity

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

LINAC 2 (80 MeV)

Injection energy MeV 7

ARC 1 = 87 MeV ARC 4 = 327 MeV Electron beam energy MeV 500

ARC6| ARC4 | ARC2 ARC 2 =167 MeV ARCS5 =407 MeV Normalized Emittance
ARC 6 = 487 MeV e mm-mrad 6
Xy

Average beam current mA 20

PERLE CDR, 2018 Bunch charge pC 500
Bunch length mm 3

Bunch spacing ns 25

RF frequency MHz 801.58
Duty factor CW (Continuous Wave)

Four 5-cell 801.58 MHz elliptical Nb cavities

. Testbed for studying a wide range of accelerator

Cavity Parameters JLab Cavity

phenomena Frequency [MHz] 801.58
.Temp.erature [K] 2.0
« 2 Linacs (four 5-cell 801.58 MHz SC cavities) S /1 R v
Geometry Factor (G) [Q] 274.505
. 3 turns (160 MeV/turn): 3 passes “up” to reach the B /E_(mid-cell) [mT/(MV/m)] 462
. E |E id-cell) [- .
maximum electron beam energy (500 MeV), 3 passes A e ] 238
down for the energy recovery phase — d_ﬁ‘;ﬁrgq'fjgfo — e[[';:“[]mm] —
. . . . The first fabricated Nb 801.58 MHz 5-cell elliptical cavity at JLab. End-cell equator diameter [mm] 328
. The first 801.58 MHz 5-cell elliptical Nb cavity has Wall angle [degree] 7
already been fabricated at JLab in October 2017 ngjjttglfff:ll:l\E/Itl [[gﬂf] —
. .

. HOM-damping for ERLs is a challenge due to the
presence of many turns (losses and multi-bunch beam
instabilities) 2
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HOM numerical simulations (CST Studio Suite®)

. 3D-Eigenmode simulations (cavity) — Frequency domain

Helmholtz equations Boundary conditions
VZE + w?usE =0 nXE=0 and n-H=0 on 0Qpgc
VZH + w?usH = 0 n-E=0 and nXH=0o0on 0Qpyc

. 3D-Wakefield simulations (cavity-beam interaction) — Time domain

Wake function

w(r,s) =

[E(r; Z, t) + Ci X B(r; Z, t)]t=(S+Z)/C

Impedance in frequency domain (FFT of the wake function)

Z(w) = j+oodt w(t)e Jot

. HOM-coupler power transmission — Frequency domain
. S-parameter [dB] calculation
. Coupler optimization
. Thermal studies

TMO1-1r mode (FM) — f =801.58 MHz

2 PEC
PMC PMC
Assumption: PEC (Perfect Electric Conductor) on
conducting walls (Nb) and interior domain of vacuum
q, = excitation bunch PEC w(r,s) = wake function =

change of momentum

g, = test charge
on a test charge g,

open [EEEEN : open

Wakefield in an elliptical
cavity.

The energy left behind q; is called wakefield.

J‘g
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3D-Eigenmode simulation: HOM identification

. In a cavity the beam excites a voltage along the so-called

shunt impedance R,

Coupler

Cavity.

Simglfication: sngle mode

Cavity \

R
Pdiss=7sf |H|2d5
S,

cav

Generator

R/Q represents the interaction between the beam and the RF
field inside the cavity. It depends on the cavity geometry only.

Dangerous HOMs have high R/Q values (TM011 monopole
and TE111, TM110 dipole with R/Q>10 Ohm)

Longitudinal R/Q [Q]

Transverse R/Q [Q]*

RIQ [Ohm]

R _ VO
Ql,n

Wn Un

R

Q tr,n

1V, (0,0)|° N IV,(0,0)|°

Wn Un Wn Un

Shunt Longitudinal impedance [Q]

*also in [Q/m] in the literature

Shunt Transverse impedance [Q/m]

R(r=0
Rl=(TT)'QL

Ry =

R(7) 1
; . Q, ‘T3

10°

10?

10!

10

Frequen;:y [GHz]

RI/Q and TMO01-TEM for monepole HOMs (bare cavity)

Dipole HOMs for the 5-cell PERLE cavity

Frequency [GHz]

Monopole HOMs for the 5-cell PERLE cavity 107
° . Manopole modes : a‘p"l'; modes dioole modes (RG> 10)
@ Most dangerous monopole modes RIO=10 TE111.4/5 ost dangerous dipole modes =
TMO010 TMO11,3/6mr =-- TMO cutoff . B g ==+ TELLcutof
TMO11.4/5m TE111,3/6m @ TM110
Neo” e TM111.4/5m
TMO021.4/5m }M012,1T .TM110 .
L] 10t
o~ e
TMO11.m . ° Te1fn ® %
TMO11.2/5m - TE112 TM121.
= 10°
¢ ¢ £ Y S TM120 o TE121
At g . P ® 0 L
.
¢ . * H 1071 . ° L] o.
. ¢ ° .
. L]
1072 .
L]
.
. 102
L]
L]
06 08 10 12 14 16 18 20 22 24 26 m-‘as 08 10 12 14 16 18 20 22 24 26 28

R/Q and TE11-TEM Polar 1 for dipole HOMs (bare cavity)

Mode f[GHz] RIQ[Q] Mode f [GHz] RIQ[Q]
TMO11,2/5m 1.302 15.829 TE111,3/5m 0.996 28.356
TMO11,3/5m 1414 62516 TE111 4/5m 1.036 61016
TMO11,4/5m 1.457 61.524 TE111,m 1.077 12.302

TMO1 1,0 1.458 22.355 TM110 1.125 30.936
TMO24,4/5m 2103 16.110 TM110 1.147 37.187
TMO12,0 2.256 20.573 TM111,4/5m 1.501 16.840

Damping HOMs means reducing the shunt impedance, having a
lower loaded quality factor Q;

1 _ Ploss

Q. wpU,

Higher the power extracted P_,, from the HOM-couplers, lower Q;, and
lower the shunt impedance for the HOMs

Pcav + Pext,l + Pext,z + -
wnUn
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Wakefield simulation: Multi-beam Excitation Scheme and Customized FFT script

. The implemented method allows to separately excites monopole, and dipole modes, suppressing unwanted modes.
H,=0 One beam E=0 One beam Two beams

N (@)
o
o
o\
=
[ Monopole modes Dipole modes — polar 1 Dipole modes — polar 2
(]

. 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)

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

1[0 _Jws _ JBc
Z(r,w) =Ej wy(r,s)e ¢ ds Z,(r,w)=

VJ_Z”(I' (1))

—00
108 Normalized Impedance , Normalized Transverse Impedances - dx=3 mm - El. Cond = le+05 S/m 107 Normalized Transverse Impedance - dx=3 mm - El. Cond = 1e+05 S/m
T 10 : r - -
| —— CST/Python resolved ‘ ! | —— CsT/Python resolved | —— CST/Python resolved
! === CST Output Impedance \ | | ——- CST Output Impedance ! ! —=—- CST Output Impedance
[ «  CST Eigenmode R/Q*QO - el_cond=1e+05 S/m TELLL TML10; | «  CST Dipole Eigenmode R/Q*Q0 TE111 TM110 , «  CST Dipole Eigenmode R/Q*QO
= o
E Lo¢ T™MO10 | --- TMO1 cutoff T e | p i TMILL  --- TE11 cutoff ol | -—- TELL cutoff
5 —-= Main beam spectral lines H 10° 3 \ i s | —-= Main beam spectra\ lines 10 | —-- Main beam spectral lines
g 5 | i | ! | |
5 Y \ b ITM121 y .
H 2 | ; | TE112 i | TE112
£ 10° i g 10° 4 | T | - 10° 1 | i .
s /g E. 1 ] . b v
3 ! E | | ! | | !
I o
% | A0 A | Y |
=3 i 7 T \ ! W A | te
S 102 2 1p¢ oot Ve N 4 | _— g A
Eg ; S =T ; : | \ ; 10 _____/’1}’4’ A
© i 3 . | Py SN R aAleYyY | LT Lo AN
9 | o | | | . | | VI
: | : | | |
E 1001 ! 5 104 | ! el 10° 5 |
z | | | | I |
[ | | ] |
! \.IMQ:L?. -trapped mode._ ! ' | i | ! ‘
107 e ol's 12 16 20 2.4 10? " T ; ‘ 'I 1o? " ' 'I
. . . . . 0.4 0.8 12 16 2.0 2.4 2.8 0.4 0.8 . 2.0 2.4 2.8
Frequency [GHz] Frequency [GHz] Frequency [GHz]



HOM coupler power transmission studies and coupler optimization

S-parameters [dB] simulation

TMO1-TEM power transmission [dB]

TE11-TEM power transmission [dB]
T

(frequency domain solver) 20 . 500 20 3000
1
For a device with n ports [ ';
G q 4 o4 TMO10 ! | 04
B 7 ;i for reflected power 1 |
S11 812 - - St * ! L 400 2500
821 822 .. §;j for the transmitted —20 4 —20 ~ :
S = power = " = H 2000
. o = 300 = 407 :
" i 5 o i
Snl : Snn < p--- | 5 E'J i
- - % 00 To be improved for|Probe and Hook & g —607 | 1500
T T m : . .- |
= 1 L AN} - ]
& -804 : 0T E g !
v —— DQW coupler o i —— DQW coupler -1000
~ 100 ":°t°h pffect TMo11  —— LHC Hook-type coupler ~100 1 : —— LHC Hook-type coupler
'3 —— LHC Probe-type coupler 100 ! —— LHC Probe-type coupler L 500
—120 — JLab Cavity TMO12 ~120 : —— JLab Cavity
' Y / R ----= TMO1 cutoft ITM111 ———— TE11 cutoff
TE11-TEM coupling  TMO1-TEM coupling —140 A | JAATMO020 ,  TMO21 1 — 1, o LA TELL2  TMI120 .
06 08 10 1.2 14 16 1.8 20 22 24 06 08 10 12 14 16 18 20 29 924
Frequency [GHz]
20 TMO1-TEM power transmislsmn [dB] 500 TE11-TEM power transmission [dB]
— Initial BP=65 mm 20 : — 3000 Original geometry Optimized geometry
—— Optimized BP=65 mm | — Optimized BP=65 mm
04 --- TMO1 cutoff 0 --- TEL1 cutoff per——— | fer—
—— Wakefield | 200 —— Wakefield 2500 —m =T ]
—20 4 20 ] ! Port 2 :
I ! (Output)
m 40 ! 0 i 2000
z ! I 300 o —401 !
| : ¢ i - |
g 60 i 2 £ 601 ! r1500 § " - "
c 1 N E ! X,
g H 200 5 | 9
n —80 A | & _apd 1
80 | v —80 ' Port 3 Port 1
! | 1000 (Front) (Cavity side)
~100 - TMO11 i -100 4 ;
! I 100 H
[} L
“120] J E TMO12 120 ! o
1 1
TM020 i T™MO021 1 TM111 TE112 TM120 TN
120 _JIL | | | ! L { L | 0 s . | | i | el | | ; DQW coupler optimization
0.6 08 1.0 12 L4 16 18 2.0 22 2.4 0.6 0.8 1.0 12 14 16 18 2.0 2.2 2.4

Frequency [GHz]

Frequency [GHz]

Zr [kOhm /m]



HOM-damping schemes (5-cell cavity + HOM couplers)

. Objective: extract the energy of the dangerous HOMs from the cavity.

Monopole modes - Wake length = 250 m - Bunch length = 30 mm Dipole modes - Wake length = 250 m - Bunch length = 30 mm
T T T T T

600 2000 -
~ TMqlo —— Bare cavity : TE111 | —— Bare cavity 2 Probe + 2 Hook couplers
o —— 3 DQW couplers 1750 1 i E —— 2 Hook + 2 Probe couplers ~»
o 500 4 —— 2 Hook + 2 Probe couplers | ! — 3 DQW couplers
~N -=-= TMOI cutoff | i ---- TELI cutoff Probe
1 H
'-%w = —-— Main beam spectral lines g 1500 i TM110 i —:— Main beam spectral lines o
) ‘ =~ b :
2 400 1 1 i ¢ | i | Fe
o | i 24, | i ! i |
(<) g 1 | : 1250 | i | Hook Hook
‘ ! z . ! !
UEJ“ 1 i "!3 ! H ! Probe
2 300 A ! ! = 1000 | : |
= | = | 1 |
é \ i o | ! | 3 DQW couplers
E o g 750 1 ! : ! s
"5 200 A } ! 7] | i I
E C | i |
‘ | = _ i ! i y
o | | —
100 | | TM020!  TM021 TMO12 ! | iTM111]  TE112 TM120 ull
| ' 250 A ! ! ' ¢
l E l | E ' \\
| i l | 1 |
v o - i L
0 ; * ; ; .‘ = : . 0 . ; bt
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Frequency [GHz] Frequency [GHz]

Preliminary results:

« 3 DQW couplers seem to provide better damping than 2 Hook + 2 Probe couplers configuration both for dipole and monopole
HOMSs. However, Hook and Probe couplers need further optimization.

» The transverse impedance of the TM111 mode strangely increases in the 2 Hook + 2 Probe configuration. This is maybe due to
the asymmetrical structure of the end-groups in this particular case.

« Beam-stability impedance thresholds for an ERL are needed to determine the maximum allowed impedance.



RF-Heating Analysis (COMSOL Multiphysics®) — Ongoing studies

E\gsnfrequency-m&.u MHz Hfield (A/m)

. TMO010 mode

Nb Coupler antenna '/;

Power coupler side

BFMmax = HOHFM =7.74mT BFMmax = MOHFM =4.62mT

Electric surface current for the it HOM Thermal map of the coupler antenna
(feedthroughs are fixed at 2 K)

I? =J Hi-Hi*dS=J |H;|2dS [A?] | \ ‘
S e =2 ]

1

coupler Scoupler

Extracted power from coupler port for the it HOM Output port of HOM coupler

1 Rz
Poxii = Re [ (BixH))ds (W]
Ry

Power dissipation on the coupler antenna for the it HOM

1
Pdiss,i = E RS (T)ILZ [W] Heat-flux source for the thermal analysis




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

. HOM-damping scheme studies: 3 DQW couplers seem to provide better damping than 2 Hook + 2 Probe couplers
configuration both for dipole and monopole HOMs. However, Hook and Probe couplers need further optimization.

née, June 8t 2022

Future studies:

Study of new HOM-damping schemes and HOM couplers (Tesla coupler, Waveguide)

. Improve the TMO1-TEM transmission of Hook and Probe couplers
. Determine beam stability thresholds for longitudinal and transverse impedance
. Compute the H-field and thermal maps of the coupler antenna for the HOMs of the cavity, and evaluate if an active

cooling of the coupler antenna is required.
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Thank you for your attention!
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