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ILC RDR parameter, by CAIN simulation '} IF

ILC Crab Cavity (CC) Requirements e e [ 7,
* CCsystem is indispensable for ILC: conpem RN
/ [ 6
* Luminosity reduced by 80% without CCs! \ [ g e ; \\\
M4 e+ source - " / : 2 \S\‘Lk
* No development progress since TDR (2013). ... N o, ~
 Further development required (Nomura =T D sngargetady
Research Institute, Ltd. considered CC as o, Two beamline separation
not-matured technology): 14.049m x 0.014rad = 197mm
* During the technical preparation period .}: " rexas arexces_arexeos
o —En-a—a— 3=
(Pre-Lab), prototype CM should be - | o0 oD o Gri S o OWE
constructed and tested. - - 14.049m o
* IDT has provisionally restarted the ILC-CC activity: Ko (Reszrm)
* 5th Meeting of SRF subgroup including crab kick- OFEXA bore radiue
off meeting — 24" Nov 2020 QFEX2B bore radius
* 2nd Crab Cavity Meeting as joint meeting of BDS | e
and SRF su bgrOU psS — 30th Nov 2020 e | et Al MBS | B
* Workshop for crab cavity — 18 Feb 2021 L70.0mm 196 7 223 3mm
144.0mm 170.7mm 197.3mm
128.0mm 154.7mm 181.3mm
Science and I
% Technology ) _ 1.9m _ 1.9m
Facilities Council

$=14.05m


https://agenda.linearcollider.org/event/8987/
https://agenda.linearcollider.org/event/9007/
https://agenda.linearcollider.org/event/9090/

ILC Technical Preparation (Pre-Lab) ,',I,':

WP3 Crab Cavity System
* ILC Pre-Lab phase aims to produce and test a prototype CM
P o P - P yp Item Recent specification
(pCM) system containing two cavities. (after TDR)

* Necessary to demonstrate synchronized operation with two Beam energy 125 GeV ()
sets of cavities in one pCM. Crossing angle 14 mrad

* Ifinstalled 14 m from the IP, the beam-pipe for counter-beam Installation site 14 m from IP
extraction will need to pass through the pCM. RF repetition rate 5 Hy

* The cavity, power coupler, tuner and pCM will be designed and Bunch train length 727 psec
developed. Bunch spacing 554 nsec

* The pCM containing the two cavities will be assembled. Operational temperature 20K (?)

* Infinal year, a synchronized operation with two CC’s to be Cavity frequency 3.9 GHz 1.3 GHz
performed to complete the technical demonstration of the CC 4 of cell 3-cell 3-cell/9~cell (7)
system. Total kick voltage 0.615 MV 1.845 MV

* A collaboration is expected to be formed and the preparation _ . 0.069 deg rms | 0.023 deg rms

. . . Relative RF phase jitter | 49' h 49 £
to be advanced mainly abroad (i.e. not based in Japan). (49fsms) | (49 fs rms)

Science and
Technology
Facilities Council



ilp
CC Scope for Pre-Lab o

| Workpackage ___lltems | Quantity

Decision of installation location with cryogenics/RF location

accelerator tunnel

Design and development of prototype cavity/coupler/tune/CM

including beam extraction line

Cavity production, including cavities w/ He tank + mag. shield for
Crab Cavity (CC) CM, high-pressure gas regulation, EP/HT/Clean work, including VT
for BDS Coupler production including preparation/RF processing

readiness (excluding klystron, baking furnace, clean room)

Tuner production readiness
# CC production: 4 CM production including High-pressure gas, vacuum vessel, cold-
# CC-CM production: 1  mass, and assembly (cavity-string, coupler/tuner, SCM, etc.)

CM test including harmonized operation with two cavities

CC-CM transport cage and shock damper

CC-CM transport tests

Infrastructure for CC and CM development and test (with each

regional responsibility.)

Note: Above assumes preferred CC solution defined for Pre-Lab.
Science and
ﬁ Technology
Facilities Council 5
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WP-3: Crab Cavity Workshop: 18" February 2021 11~

Title Speaker Lab
Crab Cavity Workshop for ILC - Introduction Kirk Yamamoto KEK
UK ILC Crab Design Graeme Burt Lancaster University
ILC Crab Cavities, First Thoughts Rama Calaga CERN
Crab Cavity R&D Activities at Old Dominion University and Jefferson Lab Jean Delayen ODU/ILab
QMIR Deflecting cavity for ILC Vyacheslav Yakovlev ~ FNAL
Crab Cavity Effort at BNL Binping Xiao BNL
Discussions and Preparation for International Review ALL
Attendees:

S. Belomestnykh, P. Burrows, G. Burt, R. Calaga, J. Delayen, S. De Silva, D. Delikaris, A. Faus-Golfe, M.
Harrison, A. Lankford, N.C. Lasheras, R. Laxdal, T. Luo, T. Markiewicz, P. MclIntosh, S. Michizono, T. Nakada, S.
Posen, B. Rimmer, K. Umemori, B. Xiao, V. Yakovlev, A. Yamamoto, K. Yamamoto.

Development Groups:
BNL, CERN, FNAL, Jlab, Lancaster University, ODU, SLAC, TRIUMF, UKRI-STFC

Science and
Facillties Council https://agenda.linearcollider.org/event/9090/ .
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ILC-CC Design (RDR 2008: TDR 2013)

G Burt (Lancaster University)

Input Coupler

9-cell 3.9 GHz elliptical

LOM Coupler

SOM Coupler

HOM Coupler

Beam-pipe radius = 18mm
Cavity iris radius = 15mm
Equator Radius = 47.37mm

!
Miomisimi § md3

3.9GHz cavity achieved 7.5 MV/m (FNAL)

Lancaster E=3

Squashed to give >10 MHz e % _?:g:‘r:‘%?oaér;d
Umversrty Facilities Council

dipole mode separation
i

N AN

Nb: Larger polarisation separation feasible with racetrack solution.

A 7>

2 Fermilab SLAZL

Surface power (@ 70n€}

AtSMV/mP;:
Buyax 73 mT
Enax 16.6 MV/m
U 0257
0 (Nb room temp) 4780
Q T2 ()b (JJ 235Q
G=0X Rsvzr 2250
Rgcs(best measurement) @ 1.8K 30002
Ro(best measurement) 40nQ)
0 @ 70nQ18K 32x10°

1.9W

e
1o

Crossing angle 14 mrad
Cavity frequency, GHz 3.9
Amplitude at 1TeV CoM, MV 2.6
Max amplitude with operational margin, MV 4.1
RMS relative phase stability for 2% rms 0.094°
Luminosity drop

RMS amplitude stability for 2% rms 6.6%
Luminosity drop

Horizontal beam clearance, mm 15
Vertical beam clearance, mm 10
Allowable X beam jitter at crab cavity, um 500
Allowable Y beam jitter at crab cavity, um 35 7
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Modal Calculations in MAFIA o

G Burt (Lancaster University)

Lower Order Modes, Operating and Same Order modes High impedance monopole

Input Coupler

LOM Coupler 2.8 GHz at 3.9 GHz .~ modes are not a problem
1000.000 ’
ol + Dipole
SOM Coupler 100000 - B . ,f’/ _____________________________ . Monopole
HOM Coupler e -
10,000 ._ ---------- R Narrowband
E ’ * w e : dipole modes
o) 1,000 reeeessssseeeroeegosssssgee oo e A e D seen up to 18
o . 1l . GHz
E 0.100 - _;__'_ ________ T____f_._'__:o_._.__‘ _________
0.010 4 M/ ol g
Hook=5.7mm . ) .
E’SO.S 2l 0.001 A -
0 l IRO'S offset=2.0mm .6 5 L’
‘-.._._._._.__:-:T_:‘.'--r=-r=—=+ e ,’,
15t Dipole o frequency (GHz . RS
‘ passbpand Trapped 5t dipole g y( ) High dipole impedances seen at
L1=15.5mm L2=14.5mm  L3=14.5mm passband at 8 GHz 10 GHz and 13 GHz




Vertical Offset (microns)

'
[y
o

Cavity Alignment (Anti-crabbing)

G Burt (Lancaster University)

Longitudinal Offset (microns)

If the cavity has a roll
misalignment it will cause
a small crossing angle in
the vertical plane.

This will significantly
reduce the luminosity.

00

As we vary the anti-crab cavity
voltage we can see the
luminosity increasing back to the
optimum value. 100% of the
luminosity can be recovered in
this way.

/s

Luminosity reductior

n
S
O
8 —PLACET
simulations
0.2 4| —— Geometric
R Calculations
T U T
-1.5 -0.5 0.5 1.5

Roll (deg)

12
- .
)
L, *- =
[ /\
2 98— = =
(6]
.2‘ a4
E LY
0
E i i |
g =
—

I O | I
-0.02 -0.01 0 0.01 0.02 0.03
Voltage (MV)

As we only require 10’s kV this can be
performed with a normal conducting
cavity.




ODU/Jlab RF Dipole (RFD) Developments H

499 MHz Deflecting Cavity for
Jefferson Lab 12 GeV Upgrade

J Delayen (ODU/Jlab)

Proof-of-principle cavities

Frequency 499.0 400.0 750.0 MHz
Apertt
I.JEI e 40.0 84.0 60.0 min
Diameter (d)
d/(W/2) 0.133 0.224 0.3
LOM None None None MHz
Nearest HOM 777.0 589.5 1062.5 MHz
Ep' 2.86 3.9 420 MV/m
Bpt 4 38 7.13 0.3 mT
mT/
B YE " 1.53 1.83 2.16
pp (MV/m)
[RO]r a82.5 287.2 125.0 Q
Geometrical
5. g 36, €
Factor (G) 105.9 138 136.0 Q2
RR; 1.0%103 4.0x104 1.7x104 Q2

AtE; =1 MV/m

400 MHz Crabbing Cavity for
LHC High Luminosity Upgrade

750 MHz Crabbing Cavity
for MEIC at Jefferson Lab

10



RFD Cavity Tests

J Delayen (ODU/lJlab)
400 MHz HL-LHC

499 MHz Jlab Upgrade

poxign| fEERessetees *THh.,
1 e
i hy
*— . coo.o-*.uvv‘}*.,,.~
) I kit .
- L ..“*‘....“* 1 i P [ ]
Cﬁ 9_* '™ _H ] L]
1.0x10 $oe., i LN
oy
$ b, Ot
' : . § #20K-Testl
1 I #42K-Testl
¢ 1 I s 42 K- Testll
. 50MV 1 )
34MV= | *2.0K-Testll
1.0%108+— . —— —
E [MV/m] o 5 : 10 : 15 20
V,IMV] 0.0 1.5 3.0 45 6.0 7.5
E,[MV/m] 0.0 20.0 40.0 60.0 0.0
B, [mT] 0.0 35.0 70.0 105.0 140.0

1.0x10

1.0x10%°

=7

] _OX ]091 R LT e ey

1.0x108

Et(MVim) (.0

Vi(MV) 0.0

I
Ep (MV/m) 00
f

Bp (mT)

.I
1
1
:
1
5.0 10.0 I 150
15 30 3 45
143 28.6 429
0.0 21.9 438 65.7

1e+10

gc' fe+d -

1e+8

750 MHz Jlab MEIC

e

1000
® 4K
* K
& Rad 2K 100
10
FA
&‘f
“ﬁ ﬂh 01
[ A hm 0.0
A L
& A By 2 i A Ap
Do S A A a0
LAY pb A LAAy b, ﬂ. - . o.c01
o 2 4 6 8 10 12 14
Ep [MVim]
0.0 0s 1.0 | 15 20 25 30
Wy V]
] 10 20 30 40 a0 60
|E., (MW7)
" T { T ! : .
] 20 40 [=1¢] &0 100 120 140
Bg[mT)]

o

Rad [mrad/h)

11



.ggtf;?son Lab

1.3 GHz RFD Cavity
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Subashini De Silva

Page 26

Operating frequency [GHz]
SOM [GHZz]
1t HOM [GHZz]

EJE;

By/E; [mT/(MV/m)]

ByE, [mT/(MV/m)]

G[Q]

RIQ[Q] (V3/P)

RR, [Q?] (V3/P)

Reference length V/E, = A/2 (mm)
Vv, [MV]

E, [MV/m]

B, [mT]

Pole separation, beam aperture (mm)
Cavity Length [mm)]
Cavity Diameter [mm)]

Pole Length [mm]
Wédrr

Ow1
OMINION

IINIVERSITY

13 13
. 1.188
2.069 1.932
4.45 457
9.09 8.92
2.04 1.95
1425 1473
182.2 370.7
2.6x10 5.5%104
11.54 11.54
1.0 2.0
38.58 39.66
78.85 77.36
36 36
172.32 297.4
128.6 1145
85 85
Center for

Accelerator Science 12



BNL CCs Scaled for ILC at 1.3 GHz | ,',I,':
go’ﬁ‘;‘e’ éEaNrﬂr Wave (DQW) | wicoaw | Ecoaw | Ecwow |

Wide Open Waveguide (WOW) T
LHC DQW ID Beam Pipe (mm) 25.8 15.2 (too small) 30.3
V, (MV) 1.15 2 1.27
E, (MV/m) 41.3 51.6 50.4
B, (mT) 80 80 80
Max Long Imp (M) 0.12 0.0016 0.0015
Max Trans Imp (M€/m) 8.8 1.5 0.029

EIC DQW

HHOM

VHOM
[ evert  WHori Alongi | +Longi ® Hori mVert
1E+07 - Y 16407 -
m L ;
1E+06 : E o
- P hd ;o 1Ee06 £ o g o

° N * e | o ILJ . S 104 o e o =

1E+05 e || ] a 0
x ‘é" A - + : a ioaE0s g o é R~ ., ﬁ. :Eru 1] !.EF'
O Z1E+04 f—t A '— : b_ 3] Me 0o o
e (=] He * .7 A 8 ¢ AN T G 1 ? 'E? = By ..ﬁnlf.ﬂ'fgn .
S T103 5 2 & : ® P gotel e ¢ of W
Q [ ] . |m u - RIS - S 10m . ﬂ:'E $ o D’a:l" "
£ 1E+02 -A’J—. N #; .—.—: x‘.—?—l : § § ) e . 3 age ’ﬁ LY
= °

1E401 f ¢ et Lo M LEPWY ) B 1601 S 3 ) gr

L . |® A [ ' a . ° o 0 ot ©
16400 Yok £ ® . L . . . e
o0 [ ]
15 20 25 30 35 40 45 50 55 60 65 1 1E+00 13
Frequency [GHz] ! : * treqlGHz] ’ °




Quasi-Waveguide Multicell Deflecting Resonator (QMiRi,’,‘:

V Yakovlev (FNAL)
eq  Lasisw:
ANL/SPX: Viick 2 MV
] Elliptical electrodes Emax 54 MV/ m
Beam pipe Bmax 25 T
(R/Q)y 521 Q
G 130
Qext 5.3E5
Power coupler \i‘ p ——

A. Lunin, I. Gonin, M. Awida, t. Khabiboulline, V. Yakovlev, A. Zholents, Physics Procedia 79 ( 2015) 54 —62

Length (excl SiC absorbers) 0.45 m
No HOMs above cut off (5.2 GHz for monopoles Note that “circuit” impedance definitions are used.

and 4.2 GHz for dipoles).

High (R/Q),

Small loss factor, k,,= 0.7 V/pC for 0,= 10 mm.
No MP up to 3 MV.

No issues with thermal breakdown.

14



QMiR SOM/HOM Management

Same Order Mode (SOM)

Electric Fields of Iovxest dipole modes

1000 =

RIQ,, [Ohm]

et Mode #1,2.476 GHz |, .
*** Mode #2, 2.675 GHz [+

.'ﬂ —— Mode #3,2.815 GHz
0.01 3l
0.1 0.2 03 04 0.5 08 07 08 0.9 10
Beta
2.476 0.03 2400 3e-3
2.675 5.0 6800 1.9

(Operation mode: f=2.815 GHz, (R/Q),=523 Ohm, Q_,,=5.3€5)

1000

Higher Order Modes (Monopole)
L E= ;_A;:;.:;.__VZ?;_M;;:‘ _;.;.;_;_j;;;__. _Q;:_:.f::_.}._f__
; 10
[+ 4

Freq., [GHZ]

58

4.304
4.409
4.471
4.530
5.080
5.114

e

10" -

o S

10° -

10
Bpk (mT) ) .

-0 20 40 60 80 100
B OOVA -l

0 10 20 30 40 50 60 70 80

In the preliminary 2K cold tests of
QMiR the measured deflecting voltage
(2.7 MV) exceeded the design goal of
20MV!

13 55 3E-4
39 530 0.09
37 400 0.07
0.35 4900 8E-3
132 390 0.26
39 108 0.02

Cavity is HOM-free above at f > 5.2 GHz 15



QMiIR Scaled for ILC ,.’I'n:
V Yakovlev (FNAL)

Loss Factor:

* k,~1/c andforc=0.3mm, k, =45 V/pC or ~3 W radiated power

* Dissipated in beam channel, not in the cavity itself (50% each direction) — Not an issue!
Cryo Losses:

* At 2K for N2-doped cavity would expect:
* 2.6 GHz @ 0.135 MV: R_ = 30 nQ, P_ = 0.6 mW - |
* 39GHz @ 0.9 MV:R,=68nQ, P.=0.6 mW } Not an Issue’

Surface Fields:

* For2.8 GHz @ 0.9 MV, E; =25 MV/m and B, =35 mT

* Expect 3.9 GHz to be similar; as V~1/f and gap ~f (expect to be wider gap).

* Poles to be profiled for optimum EM-field parameters (known procedure)

Kick Factor:

* For ANL/SPX QMIR k, = 0.5 V/pC/m; so for a 1 mm displacement, vertical kick ~ 1.6 V — Negligible
RF Power:

* ForILC: I, of 5.8 mA and offset x = 1 mm, deflecting voltage (V) power P, = 2(kx)VI, = 300 W
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HL-LHC CC Global Collaboration o

Cavities

Cryomodules

u’n
A 2 TRIUMF

Lancaster E=3 scence nd
UmverS]-ty Facilities Council
€1 A > VATIONAL

— @  ACCELERATOR

P b ™\ | /5ORATORY




HL-LHC Crab Cavities (DQW and RFD) ilp
R Calaga (CERN)

DQW (V-ATLAS) RFD (H-CMS)
(up to to 6 MV) (up to 7 MV)

Requirements
fO = 400 MHz
V.. = 3.4 MV/cavity*

(Ep,Bp <40 MV/m, 70 mT)
Beam aperture = 84 mm
Common FPC = 40 kW-CW

Operating Temp = 2 K

Both cavities use 2K cryperm magnetic shield inside helium jacket



HL-LHC Crab Cavity Cryomodule (RFD)

R Calaga (CERN)

-

PROJECT

| FS1 system (2x 8 heads)
For CAVITY POSITION MEASUREMENT

ALIGNMENT SYSY!Mh
SUPPORT & ALIGNMINT OF CAVITIES |

- RFD Cavity assembly*

See detmiled view

Upper Cryogenic line |
LHCAGFOC0149 (EDMS 1533681)

Cryogenio safely valve and pressure measurment
in hedum goard

/| Radio-Frequence wave guide
| For RF power supply

Warm magnetic shield
LHCAGFWM

FSi system (2x 8 heads)

|
| Thermal soreen 50K
LUCACITS

ML “warm™ (50K)

LHCACFTS (presominary destzn for ilustration )

“RFD CAVITY ASSEMBLY

Tunar Actsation |
LHCACFTU

V-HOM hilter
LHCACFHC

Boam sotean |
LHCACFVS

RFD Cavity|
LHCACFCA

Colt magnetic shield ‘}

Cryophy @ - LHCACFCM

Vacuum Vessel
LHEACEVT

HOM extraction lines (x4)
Coaximl line 25/50 ohws

| Beam vaccum gate valve
with RF iaser!

| Cold/Warm Transition 14
See EDMS 1759896 & 1756

~| Lower oryogenio fine
LHCACHQC

~|Aignment jacks (x3) LiC
| PSE dnapn <SPS vers on only

Information about RFD |

= Overall dimension
- Mass : ~3900kg (
- Cavities : RFD (2x
- HOM filters : 4 pc

FPC
LHCACFMC

| H-HOM filter
INCACHNC

Hellum Tank
LHCAGFHT

Tumer Frame
LHCACFTU

Plok Up Anteana
LHCACFPU

£ gl

’, -

- Pick Up Antenna : g8

-Tuner : 2 unit (1 p 8

- RF Gate valves : 4

- FSl Heads : 16 po

K HL-LHC-WP04—CRAB CAVITIES RFD CRYOMODULE FOR SPS TESTS

HOM lines (green), alignment (magenta)

e
T

Length ~ 3m

DQW CM test in SPS (2018)

19



ilp
ILC CC Workshop Discussion/Questions o

BDS Implications for the various CC technology and frequency options:

* Expected noise sources.

* IR optics configuration and impact on CC’s. } Refined CC specifications?
 Beam dynamics impacts; bunch-by-bunch, bunch trains etc.

* Luminosity performance and expected tolerances - cavity roll and appropriate mitigation.
CC Solution:

e HOM damping and impedance requirements.

* Manufacturing simplification by direct machining from Nb ingot.

* Cryomodule integration options — main linac compatible or top-loaded (i.e. HL-LHC).

* Energy upgrade provisions, impact on 250Gev CC solution — space, modularisation etc
Pre-Lab Planning:

* R&D, prototyping and CC down-selection process — how/when.

* Collective contributions and expectations for Pre-Lab activities.

e Realistic scope, timescales and responsibilities for the Pre-Lab phase.

Science and . . . .
% Technology Discussion points for next session!
Facilities Council 20



, e
Conclusions 1%

* Various CC technology solutions feasible for ILC:
* Elliptical — ILC (RDR and TDR)
* DQW —-EIC, HL-LHC
 RFD —EIC, HL-LHC, Jlab Upgrade, JLEIC and MEIC
* QMIR — SPX
« WOW —EIC

* Significant alternative CC developments since ILC TDR in 2013.
* Must note that the CC system is not as ‘mature’ as the Main Linac.

* A number of organisations identified as potential collaborators for ILC Pre-
Lab phase for CC system developments.

* HL-LHC demonstrates highly effective collaborative approach for global CC
technology development (SPS CC CM R&D and test 2018):

* BNL, CERN, FNAL, Lancaster University, ODU/Jlab, SLAC, TRIUMF and UKRI-STFC.

Science and
Technology ILC Pre-Lab has a strong possibility to follow this successful realisation!

Facilities Council
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