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Abstract

A crab cavity isbeing devel oped for KEKB. This paper dis-
cusses beam-loading onthecrab cavity, acoupled-bunchin-
stability caused by the crabbing mode, and the tolerance for
possibleerrors.

1 INTRODUCTION

A finite-angle crossing scheme eliminates parasitic colli-
sions, and simplifies the interaction region design in high-
luminosity colliders. On the other hand, the luminosity
and/or lifetime can be degraded due to beam-beam effects.
The crab-crossing scheme[1], [2] isconsidered to solvethe
potentia problems encountered with the finite angle cross-
ing. Thecrab crossing employsfour crab cavities: two cav-
itiesin each ring. The crab cavity is required to provide a
high transverse deflecting voltage. In addition, it must be
a“damped cavity”, in which al parasitic modes are heav-
ily damped in order to avoid coupled-bunch instabilities. A
superconducting “ squashed crab cavity” was devel oped un-
der the KEK-Cornéell collaboration[3]. Itsdamping scheme
was verified and the high-field performance was tested with
aone-third scale cavity [4].

At KEK we have decided to develop the crab RF system
as aviablefall-back solutionfor the finite-angle crossing of
KEKB [5]. The ring parameters and required kick voltage
are shown in Table 1. The superconducting squashed crab
cavity hasbeen adopted asthebasic design. TheR& D effort
is being conducted aiming at fabricating full-scal e niobium
cavities [6].

In thispaper wefirst discussthe beam-loading onthecrab
cavity. Sincethe operating modeisadipolemode (TM110),
the beam-loading is different from that on accelerating cav-
ities. We al so discuss coupl ed-bunch instabilitiescaused by
the crabbing mode, as well as the tolerance for possible er-
rors.

2 BEAM LOADING ON THE CRAB
CAVITY

2.1 Beam-induced voltage
Inthispaper thetransverseshunt impedance (R ) isdefined

as
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Table 1: Parameters for the Crab Cavity in KEKB.

Ring LER HER

Beam energy E 35 80 GeVv
RF frequency wrp/2m  508.887  MHz
Crossing angle ® +11 mrad
Betafunction at IP G 033 0.33 m
Betafunctionat crab  Beras 20 100 m
Required kick Vie 141 144 MV

whereV, . isthekick voltageand P. isthedissipation power
on the cavity surface. (Another notation, R , whichisusu-
ally used in ingtability caculations, isrelated as R, =
¥ R, , where k isthe wave number.)

We now consider the case in which the kick voltageisin
the horizontal (z) plane (horizontal crossing). We assume
that bunches pass parallel to the cavity axis, displaced by
Az. The single-bunch beam loading (Vo) isgiven by

Vigo = —j o2 <£> q(kAz), 2

where q is the charge, w, the resonant angular frequency,
and Qg theintrinsic Q-value.

If the bunch spacing is much smaller than thefilling time
of the cavity (asin KEKB), the superposition of the succes-
sive single-bunch beam | oadings gives a continuous beam-
indeced voltage (V. 3),

Vip = Vi cospe’?, (3
where
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Here, I, isthe total beam current, 8 the input coupling, v
the tuning angle, and Q1 the loaded-Q value.

2.2 \Vector relations

In thefollowing, apositronbeam (¢ > 0, I, > 0) isconsid-
ered. (An electron beam can be treated similarly.) Figure 1
showsavector relation for the crabbing mode. Inthisfigure,



V.4 isthe generator voltage, V 4, the generator voltageon
resonance, oz, the angle between vV, 4, and V., and ¢, the
angleof V . withrespect tothebeam. Itissimilar tothat for
the accel erating mode, except for the beam-induced voltage,
Vi and V3. The phase of V4, with respect to the bunch
phaseis90 or 270 degrees, accordingto Az < 0 or Az > 0
(180 degrees for the accelerating mode). Furthermore, the
amplitude of V4, isdependent on Az.

Figure 1: Vector relation for the crabbing mode (Az > 0).

From the vector relation we obtain

; tany — Y cos ¢, ©)
anay, = ——— —
L 14+Ysing, '

| Vigr |cosar = |Vie|(1+4+Ysing:), (7)

whereY = + | Vi, /Vi. | (positivesign for Az > 0 and
negative sign for Az < 0).
Since| V4, | isrelated to theinput power (P,) as

WB /3
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the required power to maintain the crabbing voltage is ob-
tained from Egs. 4, 7and 8 as

| Vigr |:
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2.3 Loaded-Q value and required power

Aslong as the beam orbit is kept just on-axis, the required
power can beminimized, if weset 3 = 1. Inthiscase Qy is
about ~ 10° for asuperconducting crab cavity. However, a
high@y, isundesirable, sincethe system becomes extremely
sengitive to an orbit change. A displacement with Az > 0
increases Py, as shown in Eq. 9. Figure 2 shows P, as a
functionof @, for displacementsof Az=0,0.5and 1.0 mm.
The best choice for KEKB is Q@ ~ 10°. Then, P, isrel-
atively small and is not very sensitive to orbit change. A
generator power of 50 kW is required to accomodate to an
orbit change of 1 mm. Another reason for avoiding a high
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Figure 2: Required power for an off-axis beam.

Q1 isthat theresonant frequency becomes extremely sensi-
tiveto any mechanical vibration or other effects. The above
choi ce seems to a so be good in thisrespect; superconduct-
ing cavitiesin TRISTAN have been successfully operated
with Q@ ~ 10°.

3 COUPLED-BUNCH INSTABILITY DUE
TO THE CRABBING MODE

While parasitic modes, including the TM010 mode, are
heavily damped [3], the crabbing mode, itself, can cause
a coupled-bunch instability. It is similar to an instability
caused by the accelerating mode of accelerating cavities.

3.1 Transverse
The growth rateisgiven by [7]
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W = {(p— )M +p+ vs}w, (11)
W™ = {pM — p— vp}wo, (12)
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Here, wo isthe revolution angular frequency, M the num-
ber of bunches, u the coupled-bunch mode number, and v,
the betatron tune. If w, isequal to wgr, the growth of al
coupled-bunch modes (1) are cancelled out by itsdamping;
the impedances at the growth and damping frequencies are
symmetric with respect towg g, as shown fromEgs. 11 —
13. Aningtability can occur when w, # w and the growth
rate depends on v,. Figure 3 shows the growth time (r)
for the KEKB HER with v, = 45,52, as a function of A f
(= wq — wrr). With two crab cavities installed in each
ring, the growth timeis longer than the radiation damping
time (40 ms), when -15< A f <+12 kHz.
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Figure 3: Growth time of the transverse coupled-bunch in-
stability caused by the crabbing mode.

3.2 Longitudinal

In addition to the transverse instability, a longitudinal
coupled-bunch instability can be excited when the beam
passes off-axis. If both aleading bunch and afollowing test
particleare off-axisby Az, thelongitudinal force acting on
thetest particleis given by

F, = —qu{(s)(Am)z, (14)
where
a R a
Wi(s) = %k <Q—J0'> w?
X cos (%s) exp <— Z:QGL s> . (15)

Eg. 14 and 15 show that R, (kAz)? corresponds to the
shunt impedance for the longitudinal instability.

With the KEKB (LER) parameters, 7 = 84 msfor Az =
1 mmand r =9 msfor Az = 3 mm, when the resonant fre-
guency hitsthe upper synchrotron side band. Sinceit isthe
# = 0 coupled-bunch mode, damping is provided by theac-
celerating cavities (4.4 ms). Nevertheless, itisstill desirable
to tunethe cavity at adightly lower side of wgp.

4 TOLERANCE FOR ERRORS
4.1 Phaseerrors

Phase error between V. and the beam This error
shiftsthe bunch center horizontally at the IP. If we require
that the di splacement should be much smaller thanthe bunch
size, we obtain

w
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| 6¢ |<< 4.3 degrees with the KEKB parameters.
This error comes from:

(16)

1. an RF reference phase error between HER and LER;

2. achange in the synchronous phase (¢,) according to
the bunch current; and

3. adifferent ¢, between bunches dueto a bunch gap.

In the LER, ¢, changes from 72 degrees at zero current
to 69.6 degrees at full current, while there is no significant
changeinthe HER. This causes arelative phase error of 2.4
degrees, which is not acceptable. Thus, the change in ¢,
should be compensated. One possible method is to intro-
duce a phase offset which is programmed according to the
bunch current.

The bunch phase modulation due to a 10% bunch gap
in the HER is 2.7 or 4.9 degrees, depending on the cavity
choice[5]. Therelativedisplacement between the HER and
LER can be cancelled out by introducing a compensation
gap inthe LER.

Phase error between two crab cavities in the same
ring Thiserror causes a closed-orbit distortion (COD) in
thewholering. Ther. m. s. COD dueto thiserror is given

by
ctan @ 1

\/ ave 6 )
ZwRF\/EX sin wvy Pave x 8¢

where B,,. IS an average of 3, inthering. If we require
Az,ms < 50um, the tolerance for KEKB is| 8¢ |< 1.6
degrees.

(17)

Ay =

4.2 Amplitude error

The amplitudeerror of V. causes an error inthetilt angle.
It is probably acceptable if Ay << o} / 5,. Then, we ob-
tain
AV, . A *
| AVee o [A0l __on
VJ_c 14 po,
With the KEKB parameters, |AV, . /V .| << 1.75.

(18)

4.3 COD inthe crab cavity

As mentioned before, an orbit displacement of + 1 mm s
acceptableinview of theavailable power. Itistill desirable
to control the orbit within ~ 0.1 mm for stable operation.
A possible method to do that isto control the steering mag-
nets according to theinput power to the crab cavity, sinceit
isagood indicator of the orbit displacement in the cavity.
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