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€ SC application to high current storage rings

* In the 1990s, precise experiments supported by “factory machines”
based on a storage ring were proposed, B-factory.

» Ampere class beams of electron and positron collide with each other.

 To storage such a high current beam distributed in many bunches,
an RF system with a sufficiently damped HOM was required to avoid
multi bunch instabilities.

* For this requirement, single-cell HOM-free SC cavities were developed
at Cornell & KEK for their B-factory colliders.
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€ Advantage of SC for | A beam : sufficiently damped HOMs
CW operation at high accelerating gradient
—> reduction of the total number of cavities
—> Typical gradient of 10 MV/m, in compare with 1 - 2 MV/m of NC.
—> reduction of the total HOM impedance of the ring.
—> single cell cavity - low impedance of HOMs
—> to reduce a coupler power
Simple HOM damping scheme using beam line dampers
- The cavity shape with a large beam aperture is possible.
- The HOMSs can propagate easily out of the cavity through the beam pipes.
- Rather low R/Q of the accelerating mode
Reduce the amount of the frequency shift to minimize the input power.
(It is more serious for a large circumference because of the low revolution

frequency.) l,: beam current
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€ cavity module: CESR-B cavity (Cornell)

500 MHz single cell cavity
e Iris dia. of 240 mm

» fluted beam pipe

* R/Q = 88 ohm

» Esp/Eacc=2.5

* BCPed

Gate valve

Frequency tuner

RF window
Wave guide coupler
* max 280 kW
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€ cavity module: KEKB (KEK)

Coaxial ceramic disk Doorknob

* bias voltage(=%=2kV)
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GATE VALVE
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* piezo (fine)
/

Cylindrical ferrite damper
7 « 4 mm in thick

_—~ Long taper
* to reduce a loss factor
* 60 cm

Number of cavity: 8
Accelerating gap: 0.243 m
R/Q: 93 ohm

509 MHz single cell cavity

Length of the module: 3.7 m
Beam hight: 1500 mm
Total hight: 3000 mm

(not including TR Tube)
Operating temperature: 4.4K
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€ key components

Cavity
* Nb single-cell

vertical cold test of D10-cavities

[0 R ——

* Frequency: 509 MHz
» Gap length: 0.243 m

Unloaded Q

* R/Q : 93 Ohm
* electropolised
» annealed at 700C

Input Couplers
» Handling power of 400 kW(CW)
* Full reflection of 300 kW(CW)
e Qext=5x 104
« Ceramic disk of 152dia.
» Water cooling of inner and
He gas cooling of outer conductor
» DC bias voltage to 2 kV between inner
and outer conductors for conditioning.
* monitor & protection
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HOM Absorbers

* IBOO4 Ferrite of 4mm in thickness

e HIP (950°C X 1500atm)

* located at RT side

» water cooling

* Sjze
300dia x 150 mm for LBP
220dia x 120 mm for SBP

Loss factor of short bunch length
Strongly depend on the bunch length
More than 25 GHz for 4mm bunch
Power is
P=k(c,)-q-1o

k: loss factor

g: bunch charge

l,: average current

k of cavity shape (V/pC)
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HOM damping: optimization of ferrite dampers

Typical HOM

o 120 Mode Freq. R/Q Q
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€ Operation: KEKB/The strongest e+/e- collider

The strongest e+/e- collider for B-meson physics.
Physics run of 8 years since 1999.
Accumulated luminosity of 760 fb-1 with the peak luminosity of 1.7X10%* cm-2s,

Design Parameters e . Tukubs
e+/LER e-/HER
beam energy 3.5 GeV 8 GeV
beam current 26A 11A
harmonic no. 5120
bunch space 0.6 m 0.6m
bunch charge 5.2nC 2.2nC
horiz. emittance 18 nm 18 nm
(Bx,By) at IP (33cm, 1cm)
crossing angle 11 mrad | 11 mrad
peak luminosity 1X10% cm?st
luminosity /day 600 pb?t
circumference 3016 m




RF of KEKB

BELLE detector

SC cavity Jor HER

nmxo (8 cavities)

SC for Factories

Luminosity of KEKB
Oct. 1999 - Dec. 2006

A
|III

{1/nb/s)

Peak luminosity
in a day

Daily integrated
luminasity
(1/ph/day)

AgE s 5.
s il
design achieved
No. of cavities 8 8
Max. beam current (A) 1.1 1.40 (127%)
No. of bunches 5000 1389
bunch charge (nC) 2.2 10.1
Bunch length (mm) 4 6-7
RF voltage (MV/cavity) 1.5 1.2-2
unloaded Q at 2MV 1E+09 0.3 -1 E+09
beam loading (kW/cav) >250 350 - 400
HOM loading (kW/cav) 5 14-16

1112006

A e
) i i
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Peak Luminosity
17.12 /nb/s

17.1 /nb/s

1232 /pb/day

7.82 /fb/7 days
30.21 /tb/30 days

(a1

AJIsoung
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& Top-up operation
Beam intensity of HER
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Machine maintenance
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» small reflection at top-up
» delivering power of 2.6 MW

11123

DATE

Number of RF Aborts / Day

112
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- G- L (V)
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RF tr|p rate of HER

ABORT_HER

] Crabiday
3-5 [~ | RF=SChday
| RERC Y day

* trip rate of HER (NC(gn) SC(bI) CRAB(rd))
* SC: 0.5/day at 1.4A, and 0.1/day at 0.85A.



LINAC2008

SC for Factories 08/10/01

T. Furuya

s —————
e e

» The first HOM free SC cavity was commissioned at Cornell in 1997.
 BEPC-II cavity is a modified KEKB cavity to change the frequency to 500MHz.
* Single cell HOM-free cavities provided stable operation of 1.4 A .

CESR DACI)NE PEP- II KEKB BEPC- II VEPP2000
e+ e+ e+ e+ e+ e+

physics

energy (GeV) 53-53 051-051 3.1-9.0 3.5-8.0 15-15 1.0-1.0

Current (A) 0.37 - 0.37 14-20 2.7-1.8 1.7-14 0.9-0.9 0.11-0.1

RF cavity 500MHz 368 MHz 476 MHz 509 MHz 500 MHz 172 MHz
SC(4) NC NC NC+SC(8) SC(2) NC

luminosity [nb-1s] 1.2 0.15 11 17 1 -

commissioning 1979-2007 1998- 1998-2008 1998- 2006- -




LINAC2008

SC for SR light source o

®Application of HOM damped cavities (1): light sources
» Because of successful operation of SC damped cavity in factory machines,
this technology became an attractive way to upgrade the storage rings for light source

that have a limited RF space.
» The technology of CESR-B cavity was transferred to an industry.

 Soleil cavity is based on the LEP cavity technology, Nb-Cu.
HOM modes are damped by beam pipe couplers.

Cryogenic ports :
Cold tuning system TYoEamic/po main couplers

Measured Q, versus E__,

[ # cavity 1
- m cavity 2 before helium processing

i W cavity 2 after helium pro cessing

=" k- B\

HOM coupler flanges

@
o
£
=]
(=]

3"""‘.»’

Figure 1 : Schematic view of the stat with the two SRF cavities .
i . Specificaion '@
352 MHz SOLEIL cavity based on "

.I—Hi..lrr processing

the LEP cavity technology, Nb-Cu. : : o
Eacc [MV/m]
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€ Application of HOM damped cavities (1): light source

Energy (GeV) 2.75

Current (mA) 500 500 250 300 200 250 500 500 400
frequency (MHz) 500 500 500 500 500 500 352 500 500
Cavity type CESR CESR CESR CESR CESR KEKB SOLEIL - -
Number of cav 4 1 1 2 3 2 4 4 4
Voltage (MV/cav) 1.3 1.6 2.4 2.0 2.0 15 1.5 1.7 1.2

Power/coupler(kW) 160 82 245 270 250 96 150 225 180
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€ Application of HOM damped cavities (2) : LHC
Big Bang machine uses 16 SC cavities for the proton beams of 0.58 A x 2.
—~>A wide beam aperture of 30 cm is available.
—> Suppress the RF phase oscillation due to a long bunch gap of 3 ps.
—~>Less number of cavities and strong HOM damping reduce the total
HOM impedance.

Beam energy 0.45 > 7 TeV Wﬁ__ﬂfﬂa};;ﬁ};cf" I -
Bunch charge 18 nC T

Bunch space 30m

Average current 0.58 A

Bunch length (4c) 1.7>11ns

Accelerating voltage 16 MV (5.5 MV/m)

RF frequency 400 MHz

Number of cavities 8 /beam

RF power at ramping 275 kW/cavity

klystron 300 kW x 16
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€ LHC SC cavity module
Two modules per beam.

Each module contains 4 SC cavities. E g
Cavity technology based on LEP cavity: Saml =

- Nb-Cu cavity =

- beam pipe HOM coupler :

- variable input coupler s i i fi ;/
= L = J— =
Cavity type Nb-Cu, single-cell
frequency 400 MHz
R/IQ (V#/P) 90 ohm
Power coupler Coax-type (variable)

Accelerating voltage 16 MV (5.5 MV/m)

Number of cavities 8
R/Q (V/P) 90 ohm
HOM damping 4 couplers for each
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& Application of HOM damped cavities (3): beam deflection

« KEKB collides the e+ and e- with a finite crossing angle of 22 mrad to obtain the
minimum bunch spacing of 0.6 m, avoiding the first parasitic collision.

 Crab crossing scheme makes a head-on collision in the finite crossing scheme so as to
suppress the beam-beam interaction.

* Recent simulation study of crab crossing showed the possibility of luminosity
enhancement not only by geometrical effect but also by a beam-beam effect on the
beam size.

* Kick voltage is determined by the beta function and the phase advance of betatron
oscillation at the cavity location, typically 0.9 — 1.4 MV.

*Two crab cavities were installed and commissioned.

RF Deflector
( Crab Cavity )

Frequencyfor | 508.887MHz | R R Lot
RIQ 46.7 ohm ¢ —— s l

) V 1.41 W

Crossing Angle

ESp/Vlek 144MV/m/MV Head-on (11 x 2mrad.)
Collision
Hsp/Vkick 415 Oe/MV ! P f
- : V! -
Kick voltage 1.44 MV

1.41 W non-crab crossing 1.44 W

Dl
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& Structure of a CRAB module

» The beam bunches are kicked in the horizontal by TM110 which is not the lowest mode
of the cavity.

* The lowest mode, TMO010 is coupled out by a coaxial line of the beam pipe, and
absorbed by a ferrite at the end of the line.

Input coupler Coaxial line to take out the TM010 mode

Crab cavity (TM110) Notch filter to prevent the

- =Kick mode from propagating out

)
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/fj:g? :@ / |
T Ferrite damper
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& Structure of a CRAB module
Ferrite damper

Horizontal test

coaxial line
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€ commissioning

» The cavities were installed in2007.

» The crab kick was confirmed by a streak camera.

» The effect to the luminosity was observed at a low current region, but not at a high
current region.

n
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T T T T T
% . Crab Crossing

n
i
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i
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T

Specific Luminosity / bunch
[103° cm2s7l/mA?]

I
1 12

Crab effect monitored
by Streak camera Ibunch e+ X Ibunch e- [MA2]

2
Aol
P
»
ol
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» The crab cavities worked well, providing Cauiy frequency Hdeally, sscond cavity

Lodsharmonichiof A0

a stable kick voltage. ing f frequency
 Crab technology has the possibility of obtaining

e XACHY. Cancels.effect ...
of first if phase advance
is n*180 degrees

RF deflecting cavity RF deflecting cavity _.
- \- - o
. ! ~ s _ - ! f---- -] -

) L 4 R‘_"“""""“'“"“ ‘-\"-.‘l' ) Pulse can be sliced
sub-pico second X-ray pulses by tilting the ") or compressed with
long bunches using a vertical crab kick. I Rodiion fron "’\-i}_\_ 7 j:jj;‘;;“*‘““ ot
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€ For an advanced light source:

ERL is not restricted to the equilibrium longitudinal and transverse
emittances of storage rings.

—> Short bunch length and a flexible bunch pattern are available.
- Electron beam characteristics are determined by the injector.
—> high efficiency, and reduced dump activation.

» experimental demonstration of energy recovering has been done.
SCA-FEL : using a 50 MeV beam, 1986
J-Lab FEL: 150 MeV x 10 mA, 1994
JAERI-FEL; 15 MeV x 10 mA

» another application of ERL: BNL-ERL
RHIC : electron cooling of gold ion beams
5-cell 703 MHz SC cavity
500 mA (1-turn) & 1 A (2-turns)
eRHIC: electron hadron/heavy ion collider using an ERL
5-cell 703 MHz SC cavity
10-25 GeV ERL
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€ SC for ERL

two types of SC CW linac:
injector linac:

without energy recovery: 10MV x 100mA =1 MW

accelerate a beam of 100 mA - heavy beam loading of cw = power coupler
number of cells is determined by the coupler power.
+ injection linac module

—Fabricated a 2-cell prototype cavity.
- Just start the design of CPL and cryo-module.

Double coupler with water cooling

3 —cavity injection linac module water cooled coupler

prototype 2-cell cavity : '

main linac: : | e
with energy recovery : - P VTP IE AT T emm
high CW gradient of 15 -20 MV/m = ® e e JHEETWI=TE—) g
high Q & no field emission Ty, U B[] oo
multi cell cavity with damped HOM : BBU current limitation | -

JLab design: 748 MHz, 5-cell cavity for 1A & sl - | ﬁ

BNL design: 703 MHz, 5-cell cavity for 1A
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@ 1.3 GHz, 9-cell structure for 1 A Accelerating mode

Frequency 1300 MHz QOXRs 289 Ohm
* Simulation results gradient 15-20 MV/m Coupling 3.8%
Qo0 1 E+10 Esp/Eacc 3.0
R/Q 897 Ohm Hsp/Eacc 42.5 Oe/(MV/m)
1 SBPdia. = f100 Tris dia. = 80 LEP dia. = 120
- M“mw TE1l: 1.757GHz  TEI1l: 2.196GHz | TEll: 1464 GHz .
J TM01:2.205GHz  TMOL: 2869 GHz ~ TMD1:1.913 GHz Dipole mode
le+6 | ! ! ! KEK-ERL model-2 cavity "o
v KEK-ERL model-1 cavity =
~ v TESLA cavity v
5 le+5 ‘: Dipole-BBU 100mA threshold
NE " ‘ [ ] :
g le+4 | ;' £ . .! - '}
- L“:_; “ . . .. ’
Beam line damper Beamline dampe ¢ ,;i R
- = . ‘-l' = . ..' .
RLmodel2: 9-cell cavity for 100+100 mA. e N I PO LY
IHI].O I:S .Zjl) ;.5 -3.0 Jjﬁ -:,0 : 4j5 5.0
U Ol_e mOde Frequency [GHz]
Ly 0.7 = ?
H T uff 06 H“‘w/x\/ gz'ﬁ simlation by BBU-R |
\\ %0.5 KEK-ERL Model-2 (HOM: &x2) E 2 }{/, l
..,.’,/ \ e im‘.— € 04 §1_5 ,‘/H
""""" S 2 03 —— : 1
Eccentric-flute ! u' g 0I2 SR g 1 simulation by BI
£ 0 ) !
i P o | b0 02 | e
gons it ciin . = | TESLAMHOM:SX) o os 1 15 2 25
- o 0 50 100 150 200 250 300 350 400 HOM frequency randomization (MHz)

Damping of Q-modes

phase advance in the ERL loop (deg.)

1 A by HOM randomizing
BBU limt of 600 mA
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€ 1.3 GHz, 9-cell structure for 1 A

» Vertical test results of prototype cavities

‘ I 9-cell cavity I
Center-single End-single I

1e+011

Center-Single 1s{(2K) ' ®
Center-Single 1st(4K) @
Center-Single 2nd(2K)

KK

1e+010

K98 ok -

164009 |-

1e+008

0 5 10 15 20 25 30 3 40 Eace Qi
Eacc [MV/m]

"
Eace L

Emax of >37MV/m Emax of 30 MV/m Meas. on ‘08/09/17-19
>20 MV/m with 1E+10 >20 MV/m with 1E+10 >10 MV/m with 1E+10
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€ SC for high intensity beam

* Single cell HOM damped cavities have achieved a beam of >1 A in factory machines,
delivering a power of 400 kW to the beam.
* Input couplers and HOM dampers (couplers) work well and support the stable operation.
 Application of high current SC cavities is expanded increasingly.
to middle size rings of light sources.
to deflecting cavity, CRAB
to proton rings, LHC.
* New 9 cell shape is optimized as a main linac structure of ERL, which has large
diameters of cell iris and beam pipes. Furthermore, mode converter is attached on
a beam pipe to propagate out the quadrupole modes.
« BBU simulation shows the threshold limit of ~600 mA for this 9 cell structure.



