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Motivation

Design superconducting compact deflecting and crabbing cavities at lower frequencies

KEK Crabbing Cavity — TM;;, mode TEM-like Designs TE-like Designs
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* Operating mode: TEM-like or
TE-like modes

— Net deflection is due to the transverse
electric mode

» Cannot be a pure TE mode —
Panofsky Wenzel Theorem
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Design Evolution from Parallel-Bar to RF-Dipole

« Aspects of optimization

Lower and balanced peak surface fields
Stability of the design

» Cylindrical shape is preferred to reduce flat surfaces
Cavity processing

» Curved end plates for cleaning the cavity
Multipacting
Wider separation in Higher Order Mode (HOM) spectrum

499 MHz Deflecting Cavity

wir
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Design Evolution from Parallel-Bar to RF-Dipole

499 MHz Deflecting Cavity”

TE-like
mode

E Field H Field Surface E Field Surface H Field
*J.R. Delayen, S.U. De Silva, “Designs of Superconducting Parallel-Bar Deflecting Cavities for Deflecting/Crabbing Applications”, Proc. Wi
of the15th International Conference on RF Superconductivity, p.219, (2011) Oip
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Design Evolution from Parallel-Bar to RF-Dipole

« To increase mode separation » To lower peak magnetic field
between fundamental modes  Reduced peak magnetic field by
« ~18 MHz - ~ 130 MHz ~20%
« To improve design rigidity - Less
susceptible to mechanical vibrations
and deformations

W
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Design Evolution from Parallel-Bar to RF-Dipole

Balanced Pe Fields

BP <2.0 mT/(MV/m)

\/\/

« To remove higher order modes with To lower peak magnetic field
field distributions between the cavity * Reduced peak magnetic field by
outer surface and bar outer surface ~25%
» Eliminate multipacting conditions « To achieve balanced peak surface
fields

*  Bu/Ep, = 1.5 mT/(MV/m)

W
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Design Evolution from Parallel-Bar to RF-Dipole

499 MHz Deflecting Cavities

OOPSoOoFS

10.7 MHz 18.4 MHz 127.1 MHz 264.5 MHz 255.3 MHz 278.0 MHz
Deflecting Voltage ( V;*) 030 030 030 030 030 030 MV
Peak Electric Field (E,*) 345  1.83 208 255 285 286 MV /m
Peak Magnetic Field (B,*) 1147 6.05 647 542 512  4.38 mT
Balanced surface B,/E, 333 330 312 212 180 153 mT/(MV/m)
field ratio
Energy Content ( [®) 0.049 0.030 0032 0033 0036 0.029 ]
Geometrical Factor (G) 80.9 67.0 67.4 BT.T 94.2 1059 (2
[R/Ql: 501.7 9359 8R87.3 866.8 S07.7  082.5 0
[—] R.R. 4.8x10% 6.3x10% 6.0x10* 7.6x10* T.6x10* 1.0x10° 02
2 At B =1MV/m
i
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RF-Dipole Design

« Properties depend on a few parameters
— Frequency determined by diameter of the cavity design
— Bar Length ~A/2
— Bar height and aperture determine E, and B,
— Angle determines By/E,

499 MHz Deflecting Cavity

Electric
Field

Cavity Length

Magnetic
Field

wir
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Design Optimization

For superconducting rf cavities

— Minimize Ep/E; and Bp/E;
— Maximize R{Rq

499 MHz Deflecting Cavity

7.5 _ 1.1E+05
BytE, =22 mT/(MV/m) Bar Height
70 - * e + 50 mm
' -t - 1.0E+05
= +Bs/ E, = 2.0 mT/(MV/m) =60 mm
£ 65 |_-- o . 470 mm
§ . ' B, E,=L75 mT/(MV/m) | x 80 mm 9.0E+04
<60 | 0 *T ox I T <90 mm &
E N < ’x X xo et 100 mm — 8.0E+04
~ ’ - % X e
5.5 7 2T s BULEELSmT(MV/m)| *110mm oo
i _-7 Lom B v - 120 mm o 7.0E+04
=50 v R " T
m e ,r’
g 6.0E+04
45 | YW 0
4.0 il ‘ ‘ | 5.0E+04
2.5 2.7 2.9 3.1 3.3 35
E,/E,
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Beam Aperture Dependence

12.0
* At 499 MHz varying beam aperture 110 | .00
from 30 — 100 mm —100 | + 50 deg
c » 60 deg
2 9.0
= 8.0 -
,"/’ |_
/ /0 E 70 |
/ * -
f, | | ul 6.0
@ 50
4.0 -
3.0 T T T
12.0 0.0 0.1 0.2 0.3 0.4
©40deg  ~se___ Beam Aperture Diameter / (A/2)
) 2.0x108
— d/(M2) = 0.33 =40 deg
§ - d/(M/2) = 0.30 1.6x10°5 -+-50 deg
= ' -+60 deg
E
= = 1.2x1051
ul g
o o’ 8.0x104
o
4.0x10%
5.5
O-O T T T
0.0 0.1 0.2 0.3 0.4 o
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Current Applications of RF Dipole Cavity

499 MHz Deflecting Cavity for 400 MHz Crabbing Cavity for
Jefferson Lab 12 GeV Upgrade LHC High Luminosity Upgrade

Future Ex,

+ Deflecting voltage — 5.6 MV
* Per cavity — 3.0 MV Cryomodules

(1497 MHz)

 Crabbing voltage — 10 MV
per beam per side

* Per cavity — 3.4 MV

* Requires a crabbing (craning)
PN pslrljt:;rs system at two interaction .
Z points (IP1 and IP5)

— Vertical crossing at IP1
— Horizontal crossing at IP5

Switched Lasers
(499 MHz)
Ap=120°

v Ocamt3 7

Extracted

Recirc.
(Passes 1-4)

Chopper ,

=P AV

(Pass 5)
Lambertson 3-Way

4th Pass Septum Magnet

Beam Line 750 MHz Crabbing Cavity for MEIC”

Prebooster  lon
‘ 300 mm

Warm large booster

f
{up to 20 GeVic) SRF linac
', Cold 97 GeVic
_ - proton collider
680 mm Three Figure-8 / Medium energy IPWith - £10040p ring ring
rings stacked [ horizontal crab crossing
vertically Iniector * Crabbing voltage

Y

— Electron beam - 1.5 MV
AN YA VAN

— Proton beam - 8.0 MV

12 GeV CEBAF

A4
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Properties of Proof of Principle Cavities

Frequency 499.0 400.0 MHz
Aperture
Diameter (d) 40.0 84.0 mm
d/(\2) 0.133 0.224
o 0.3 0.375 MV/m
Ep* 2.86 4.02 MV/m
Bp* 4.38 7.06 mT
= * mT/
Bp /Ep 1.53 1.76 (MV/m)
u* 0.029 0.195 J
[R/Q]; 982.5 287.0 Q
Geometrical
Factor (G) 105.9 140.9 Q
R:Rs 1.0 10° 4.0 104 02
AtE;"=1MV/m
V; 3.0/56 3.4/50 MV
Ep 28.6/53.4 | 36.5/53.6 MV/m
B 43.8/81.8 | 64.0/94.2 mT

.!effé?son Lab

499 MHz Deflecting Cavity

400 MHz Crabbing Cavity

E field

E field H field
Frequency 499.0 400.0 MHz
T 2.0 4.2 2.0 4.2 K
Recs 13 70.0 20 | 1100 | nQ
Ries 20.0 20.0 nQ
R 21.3 90.0 22.0 130.0 nQ
Qo 4.8 0.9 6.7 1.6 10°
W
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Higher Order Mode Properties

* Widely separated Higher Order
Modes

10.7 MHz

1.0E+03

1.0E+02

1.0E+01

1.0E+00

RIQ (Q)

1.0E-01

1.0E-02 —

1.0E-03

.geftgzon Lab

499 MHz Deflecting Cavity

18.4 MHz

127.1 MHz

o VX

AJy

1000
Frequency (MHz)

1500

2000

264.5 MHz

1.0E+03

1.0E+02

1.0E+01

RIQ (Q)

1.0E+00

1.0E-01

1.0E-02
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No Lower Order Modes

499 MHz Deflecting Cavities

255.3 MHz 278.0 MHz

400 MHz Crabbing Cavity
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Wakefield Analysis

T3P — Time domain wakefield and transient solver in the SLAC ACE3P suite
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RF Coupling

) . . . 1.0E+07
» Possible coupling: Both electric and magnetic |
coupling PR
« Coupled to the transverse electric field to reduce  soeos /
field enhancement Froess i
» Four coupling ports to avoid asymmetry and to - /
cancel the on-axis longitudinal electric field /
5.0E+06 N—/
ff Set M e s s s e e 0
Position (mm)
’ (I:_Zl:]gltir 1.0E+11
\’ 1.0E+10 N
Length 1.0E+09
" p— .\_\> A A 51.0E+08
! PRI © N
- S 1.0E+07 N
i% 27 a 1.0E+06 \\
=
(/ “::S _ _ MR e 2 w1 1 2
N 499 MHz Deflecting Cavity Rod length (cm)
wn
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V, [MV]

D
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Multipacting Analysis
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Mechanical Analysis (HyeKyoung Park)

Cavity with 3 mm uniform thickness at latm

ANSYS

=]

VA2

Deformation under vacuum load

Deformed bar surface
Undeformed har surface &

.geffzzon Lab Add HK’s paper

499 MHz Deflecting Cavity

Stresses of the modified geometry

VA2

AL
*H. Park et.al., in Proceedings of the SRF Conference, m
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Mechanical Analysis (HyeKyoung Park)

« Without any kind of stiffening or pressure sensitivity optimization for 499 MHz cavity

Pressure Lorentz Detuning

* Pressure sensitivity - 212 Hz/torr Room temperature cavity with a uniform 3 mm thickness
« Af=6.15kHz @ V;=3.0 MV

1.20

115 . « k_=61.54 Hz/(MV/m)?
~ . - -
L 110 T Fabricated cavity at 4 K
= 105 — .« Af=4.93kHz @ V; = 3.0 MV
L0 T « k_=49.27 Hz/(MV/m)?
o 0 002 004 006 008 01 012 * Deformation = 1.2 ym
Pressure (MPascal)
Frequency Variation Mechanical Modes
499500.0 y 4 -
'499000.0 497.81 MHz » Cavity with a
::14985000 3 mm uniform
i 498000.0 thickness
2 & 497500.0 :I I * At room
497000.0 temperature
& & & & and under
t}, Q \6Q b ‘b' ‘b~ b ac m
& «ef & & & vacuu
& & & Q@%%
& & <
S Coupler-Port "\
oupler-Por
— i
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Fabrication

400 MHz Crabbing Cavity 499 MHz Deflecting Cavity

Fabricated at Niowave Inc. Fabricated at Jefferson Lab

Cavity thickness
=3mm

W
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Fabrication

* Frequency adjustment by trimming the center piece

499 MHz Deflecting
Cavity

W
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Optical Inspection

400 MHz Crabbing Cavity 499 MHz Deflecting Cavity

.\.“"
{ Q
150 YL
s
W
B
v &
ryen - = .
S N
(]
\ R

[ _
If

\\\\\\

Weld seam at equator

W
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Bead Pull Study

« On axis fields were measured for both .. _Bead Pull Set UP

— 499 MHz deflecting cavity
— 400 MHz crabbing cavity

« Measured components

— On-axis transverse electric field: Using a
Teflon bead

— Both on—axis transverse electric and
magnetic fields: Using an Al bead

400 MHz Crabbing Cavity 499 MHz Deflecting Cavity
500.0 500.0 2,500.0
Teflon Bead -»-Measurement Al Bead -»-Measurement Teflon Bead +N_Ieasure_zment
4000 - —Simulation 4000 - —Simulation 20000 - —Simulation
300.0 | .E, 300.0 [~
"‘E 2 £ 15000 |
; 200.0 - ‘Eo 200.0 - )
3 = EJ% 1,000.0
% 1000 | 2 1000
il
t 500.0 -
0.0 1 0.0 | ‘
-100.0 ‘ ‘ : : -100.0 ‘ ‘ ‘ : 0.0 - ‘
05 03 201 0.1 0.3 05 -0.5 -0.3 -0.1 0.1 0.3 0.5 -0.4 -0.2 0.0 0.2 0.4
z [m] z [m] z [m]

W
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Surface Treatment — Bulk BCP

* Reduced etch rate from 2.7-2.8 pm  Etchrate: 1.78 yum/min

/minto 1.8 Hm/m|n due to o Average removal 108 um
contaminated acid mixture (with glycol)

* Average removal 85 ym

Average of O, Oz, O21 and Oz2 — 99 um

wir
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Surface

 Heat Treatment
— For H, degassing at 600°C — 10 hou

900~ --10E-3

H

T=600C &=

-1.0E-5

-1.0E-6

-1.0E-10

2/ 400 MHz Crabbing Cavity N

(e 0 ' 3 v I v i
09:44:04 AM 11:00:00 AM  12:00:00 PM 01:00:00 PM  02:00:00 PM 03:00:60 M 04:00:00 PM 05:00:00 PM K 06:32:53 PM
03/07/2013 03/07/2013 03/07/2013 03/07/2013

Time

Treatment

s

5:: 499 MHz Deflectin',Ca\(lty

=l
10:58:55 AM 03:00:00 PM 06:00:
04/19/2013 04/19/2013 4/1

' " T . ' ' MMM 1 011
:00 PM 09:00:00 PM 12:00:00 AM 03:00:00 AM 06:00:00 AM 09:00:00 AM 12:44:06 PM
04/19/2013 04/19/2013 04/20/2013 04/20/2013 04/20/2013 04/20/2013 04/20/2013
Time

« Light BCP — Removal of 10 ym after heat treatment
— Completed for 400 MHz cavity and in progress for 499 MHz cavity

* High pressure rinsing in 3 passes

— Completed for 400 MHz cavity

J)effegon Lab

W
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Cavity Assembly

* Preparation of hardware and assembly in clean Leak test

room

Assembly in clean room
Ultrasonic degreased hardware |

Assembled cavity with input and
output probes and relief valves

.geffgon Lab ION

~ UNIVERSITY



Preparation for Testing

.!effe?son Lab Page 26
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RF Testing

* Input and pick up probe calibration What is the V; ?

— Calibrated Q > Measured Q
Q,=2.76 10° > 3.0 10°

Q,=8.62 100 > 1.1 101

» Tests performed
— 2 K high power test
— Cavity warmed up to 4 K
— 4 K high power test
— Cauvity cooled down to 2 K

— 2 K high power test 200 __
o2

g 2 Order=3
. . — 1500} A © Order = 4]

« Multipacting 3 } o

. . . . . & L L S I PO PRTET
— A multipacting barrier was observed in the first 2 K glooof g gg%gggégéégeggéis;g?g@g@%%

. = M EFE AR RS AR TS Bl ORI

test at very low fields 2 3L IR TLL R
. . E 500} g E SR 33023§§§ g%es Sooged

— Increasing the power processed the cavity and no zozggogi i, Piedsesitidgh toy

H H . . IR ° § 8o8°”

multipacting was observed in the following 4.2 K ) ,E;Ii..,.,,.!i jii%.,,,mmm,”

and 2 K tests i BRI v
O
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1.0E+10 -

O1.0E+09 -

4.2 K and 2 K Test Results

 Achieved fields at 4.2 K
— E;=11.6 MV/m
— V;=435MV
—  Ep=47 MV/m
- Bp=82mT

Achieved fields at 2.0 K

|ﬂ — E,;=18.6 MV/m

— V;=7.0MV
—  Ep=75MV/m
— Bp=131mT

* Limited by rf power at 4.2 K

1.0E+08
0 5 i 10 15 20 E; (MV/m)
o.‘o 1‘5 3io 34 415 5.0 6‘0 725 Vi (MV)
6 2‘0 4‘0 6‘0 8‘0 Er (MV/m)
6 2‘8 5‘6 8‘4 112 1210 B, (MT)
m
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Field Emission

1.0E+03 -
No He processing
. 297
1.0E+02 - 020K ) o
042K J{,‘o
([ ]
— 1.0E+01 - o
< o®
o
E o’
— LOE+00 - *
kS 3
E -
'-5 [ ]
E LOE-0L - o®
P ([ ]
1.0E-02 -°
' o *°% o..c . = F =)
{ L o0 o 00000 [ ]
o ( N J o0 (] o
10E-03 o @ o0 ® o o °
0.0 5.0 10.0 15.0 20.0
E;: (MV/m)

W
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RF

esting

100

Rs [nQ]

10

0.20

O.éO 0.‘40 O.éO 0.60
UT [1K]

* Frequency deviations

Room temperature f : 402.0 MHz
After bulk BCP : Af=-51.1 kHz
After bake : Af=-30.2 kHz
Under vacuum : A f=318.5 kHz
At2K: Af=365.3 kHz

.{effe?son Lab

Frequency [MHz]

Af [HZ]

Page 30

402.65

402.6 -
402.55 -
402.5 -
402.45 -
402.4 -
402.35 -
402.3
402.25 -

402.2

f=-4.830x10“P + 4.026x102

0.0E+0

-5.0E+3
-1.0E+4
-1.5E+4
-2.0E+4
-2.5E+4
-3.0E+4
-3.5E+4
-4.0E+4
-4.5E+4

200 400 600 800 1000
Pressure [torr]

f=-121.6 E2- 474.6
k= - 121.6 Hz/(MV/m)?

100 200 300 400
E2 (MV/m)? :
o
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Current Status and Next Steps

Proof-of-Principle 400 MHz cavity achieved 7 MV deflecting voltage
cw (Twice design voltage)

Residual surface resistance a little high (34 nQ)
— Possibly due to contaminated acid, not enough Nb removed
— Losses at possibly steel flanges, copper probes

Multipacting quickly processed and did not reoccur
Proof-of-Principle cavity has achieved its purpose

Now moving on to the prototype cavity to be tested with beam at
CERN-SPS

Reasonably confident that 10 MV can be achieved with 2 cavities
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Prototype Design vs. Proof-of-Principle

« ODU/SLAC prototype design evolution

Fundamental

Cavity Dimensions

Couplers
Power P Prototype Proof of
Coupler P Principle Units
Design :
Design
Cavity Radius 14.1 17.0 cm
Cavity length 53.5 52.8 cm
Aperture 49 cm
diameter
oy 1l A
e DYINON kNS
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Prototype Design vs. Proof-of-Principle
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Prototype Design vs. Proof-of-Principle

Wider frequency separation between modes
No lower order modes
 Nearest HOM — ~190 MHz - ~230 MHz
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Damping of Higher Order Modes

Work done by Zenghai Li at SLAC
Mode coupling

— H-HOM coupler couples to both H-dip ——>

and accelerating modes
— V-HOM coupler couples to both V-dip and

accelerating modes

(AbsEBC)z| ™ H-dipd (AbsEBC)z ™ H-dipX
1.0E+060 A V-dip 1.0E+087 A V-dipa
® acch ® Accl
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8 1.0E+02E
E n
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i
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Multipacting Simulations

Vit [V/m]
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Field Non-Uniformity

400 MHz Crabbing Cavity E,(1.4,2) = L E ()" cos(ng) ELL(2) =L (e

1 .n
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Prototype Design vs. Proof-of-Principle

Prototvoe Proof of
Parameters P Principle Units
Design .
Design

Deflecting Voltage (V)
Peak Electric Field (E,")
Peak Magnetic Field (B,")

0.375 0.375

Stored Energy (U") 0.13 0.195 J
[R/Q]; 427.2 287.0 Q
Geometrical Factor (G) 106.4 140.9 Q
R{Rs 45 105 4.0 10* Q2
AtE; =1 MV/m

VA 3.4 MV
E, 33.2 36.5 MV/m
B, 55.7 64.0 mT

Prototype is superior to Proof-of-Principle across all parameters
* Electromagnetic design is now frozen
*  Multipacting studies in waveguide couplers under way

wir
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Electromagnetic Design Evolution

» Optimization of the electromagnetic design to achieve
— Lower and balanced surface peak surface fields at a higher net transverse voltage
— Higher shunt impedance

&

Balanced surface
field ratio

5

.geftgzon Lab

Deflecting Voltage ( V*)

=
0
=

&

0.30

499 MHz Deflecting Cavity

MV

Peak Electric Field {E;*)
Peak Magnetic Field ( B,*)
By/E,

B3
4
o

e
]

[
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MV/m
mT
mT /(MV /m}
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[R/ Qe
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400 MHz Crabbing Cavity Prototype

« With the completion of the 400 MHz cylindrical rf-dipole cavity (proof of
principle cavity), now focusing on the next generation of the LHC
crabbing cavity design

Parameter Unit
Frequency 399.06 MHz
Deflecting voltage (V;) 0.375 MV
Peak electric field (£, ) 3.66 MV/m
Peak magnetic field (B,) 6.14 mT
Stored Energy (U") 0.13 ]
[rR/Q] 427.21 0
Geometrical Factor (G) 106.37 Q
RiRs 4.54%10° o)
At Vr=34 MV
o Ex, Hy =Ez aEy, Hx
Peak magnetic field (B,) 55.7 mT Y Y
Peak electric field (Ex) 332 MV
At V:=50MV
Peak magnetic field (B,) 81.9 mT % 'l;.
= 4e
Peak electric field (Ep) 188 MV 1 0E+00 d —
L] n A g *
AtE; =1 MV/m i *
1.0E-01 - = 1
Expand
. . 1.0E-02 .
Include HOM damping detailed 0 500 1000 1500 2000
K X i Frequency (MHz)
multipacting requirements from wn
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400 MHz Crabbing Cavity Prototype

« With the completion of the 400 MHz cylindrical rf-dipole cavity (proof of
principle cavity), now focusing on the next generation of the LHC
crabbing cavity design

Parameter Unit
Vt [V/m]
Frequency 399.06 MHz Get6
. * = Se+6
Deflecting voltage (V) 0.375 1% ; l )
% 4e+6
Peak electric field (£ ) 3.66 MV/m § [ 3e+6
. . '2e+6
Peak magnetic field (B, ) 6.14 mT >
“let+6
Stored Energy (U") 0.13 J
(
[rR/Q] 427.21 Q I
Ln
0 E [(
Geometrical Factor (G) 106.37 o M o LI I
RrRs 4.54x10" PERLLL Iti I
o
| |
At V;=3.4 MV 1.0E+03
L e Ex,Hy =Ez «Ey, Hx
Peak magnetic field (B,) 55.7 mT
1.0E+02
Peak electric field (Ep) 33.2 MV
-
At Vr=5.0MV
__10E+01
e <} .
Peak magnetic field (B,) 81.9 mT Component Unit > .. en
foa
Peak electric field (E,) 48.8 MV vy 10.0 MV 1.0E+00 " = ~ :
L] | | |
AtE; =1 MV/m b, 33.43 mTm . P .A
n
b, 0.29 mT 1.0E-01 = N
.
bs 455.25 mT/m
b, 24.62 mT/m’ 1.0E-02 .
0 500 1000 1500 2000
bs -2.19x10° mT/m* Frequency (MHz)
umwm
—
f D OLb
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