
Beam experiments with Crab Cavities in KEKB

R. Tomás,∗ Y. Sun, and F. Zimmermann
CERN, CH 1211 Geneva 23, Switzerland

Y. Funakoshi, T. Ieiri, Y. Morita, K. Nakanishi, K. Ohmi, K. Oide, Y. Onishi, and M. Tobiyama
KEK, Tsukuba, Ibaraki 305-0801, Japan

R. Calaga
BNL, Upton, NY 11973, USA

(Dated: August 5, 2010)

During 2008 and 2009 dedicated beam experiments with crab cavities were performed in KEKB
with two goals. The first goal was to measure the impact of crab cavity Radio Frequency (RF)
noise in the beam quality. The second goal was to test procedures for the measurement of the crab
dispersion. These experiments were performed as a validation of the crab cavity beam dynamics
models in view of the possible use of crab cavities in the upgrade of the CERN Large Hadron Collider
(LHC). The measurements are presented in this paper together with model predictions.
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I. INTRODUCTION

The KEKB is an asymmetric electron-positron collider.
The accelerator consists of a 3.5 GeV positron storage
ring (LER) and an 8 GeV electron ring (HER) [1]. The
KEKB electron and positron bunches cross at a 22 mrad
angle in the Belle detector. KEKB has achieved world
record luminosities in 2009 after the installation of one
crab cavity per ring in 2007. These cavities give a time
dependent transverse deflection to the beams that results
in head-on collisions at the interaction point (IP).

The LHC upgrade could incorporate crab cavities in or-
der to maximize the luminosity gain [2]. However, unlike
the KEKB, the LHC features a negligible synchrotron ra-
diation damping. This calls for the use of accurate mod-
els of crab cavity beam dynamics in order to validate an
LHC upgrade based on crab cavities. Beam experiments
were conducted in KEKB in order to study two critical
aspects, the impact of crab cavity RF noise in the beam

TABLE I: Machine parameters during the December 2008
crab cavity experiments in KEKB.

Unit HER LER
Particle e− e+

Particles per bunch 1010 4.1 6.3
Number of bunches 100 100
Horizontal emittance (ǫx) nm 24 18
Horizontal tune (Qx) 44.522 45.524
Vertical tune (Qy) 41.602 43.585
Synchrotron tune (Qs) 0.021 0.025
Revolution frequency kHz 99.4 99.4
Damping time ms 23 23

∗Electronic address: rogelio.tomas@cern.ch

quality and techniques to measure crab dispersion. Ta-
ble I shows the machine parameters during the December
2008 crab cavity experiments in KEKB.

II. CRAB CAVITY RF PHASE NOISE

For several years crab cavity RF phase noise has been
a concern [3] since it results in off-center collisions at the
IP. In the absence of radiation damping even small phase
errors could cause a time-cumulative emittance blow-up.
In lepton machines, however, the excitation due to the
phase error should reach a steady state thanks to the
synchrotron radiation (at least for a small enough phase
noise).

The phase noise of the KEKB crab cavities is domi-
nated by a set of discrete frequencies [2]. Therefore it is
justified to study the effect of phase noise at well defined
frequencies, rather than to assume white noise.

During the beam experiments a sinusoidal phase mod-
ulation was fed into the KEKB crab cavities while beams
were in collision. The usual transverse feedback against
multibunch instabilities [4, 5] was switched on. Ampli-
tude scans of the input noise were performed for two
modulation frequencies close to the horizontal and verti-
cal tunes, respectively. Luminosity was recorded during
these scans. Figures 1 and 2 show the luminosity ver-
sus noise amplitude of the HER and LER crab cavities,
respectively. The frequency of the sinusoidal noise in
these two cases is set close to the horizontal tune of the
machine. Results from simulations including the beam-
beam interaction, the feedback system and the sinusoidal
noise are compared to the measurements showing an ex-
cellent agreement. The most striking feature observed
both in measurements and simulations is the existence of
a threshold in the noise amplitude for the development
of an instability causing the abrupt drop of luminosity.
This threshold happens at an IP equivalent beam motion
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FIG. 1: Luminosity versus HER crab cavity noise as extrapo-
lated to IP displacement. The noise frequency is close to the
HER horizontal tune.
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FIG. 2: Luminosity versus LER crab cavity noise as extrapo-
lated to IP displacement. The noise frequency is close to the
LER horizontal tune.

of about 4.5 µm (≈ 0.015σ∗

x or ≈ 0.2 degrees for the LER
case). To compute the IP equivalent beam motion from
the CC phase noise the following equation is used,

xnoise ≈

c

ω
tan

(

θ

2

)

φnoise (1)

where θ/2 denotes the half crossing angle (crabbing angle
for each beam), ω is the angular frequency of the crab
cavity and φnoise is the amplitude of the CC phase noise.
This equation can be simply derived from the geometrical
constraints to provide head-on collisions at the IP and
assuming small angles.

The abrupt luminosity loss is caused by an exponential
rise of the horizontal emittance for amplitudes above the
threshold. Figure 3 shows the simulated time evolution
of the electron rms beam size of the for different noise
amplitudes. The signature of an instability is clearly ob-
served.
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FIG. 3: Simulated rms beam size of the electron beam dis-
tribution versus turn number for different noise amplitudes,
clearly revealing the existence of a threshold for the onset of
the instability.

To understand this unexpected noise-induced instabil-
ity extensive simulations and analyzes have been per-
formed. The beam-beam interaction characterizes for re-
sulting in two frequency modes (σ- and π-modes) and a
continuum spectrum placed in between the modes. The
σ-mode features in phase oscillations of the two beams
at the IP. On the contraty, the π-mode is characterized
for the opposite phase oscillations of the two beam at the
IP.

Figure 4 (bottom) shows the simulated relative lumi-
nosity versus the frequency of the noise for various noise
amplitudes. The top plot illustrates the horizontal spec-
trum, showing the σ-mode of the beam-beam interaction.
This scan reveals that the instability is the strongest at
a frequency of 0.523. Exciting closer to the σ-mode at
these amplitudes does not cause significant luminosity
loss since beams oscillate in phase. Another weaker in-
stability that has a lower amplitude threshold (between
0.3 µm and 1 µm) is observed between 0.55 and 0.56.
Some luminosity loss at the largest noise amplitude per-
sists when exciting to the right of the π-mode.

Figure 5 shows the time development of the instabil-
ity displaying the electron and positron oscillation am-
plitude and phase difference versus turn number. These
have been obtained by performing an FFT every 1000
turns over 1000 turns. The electron and positron beams
start oscillating in phase (phase difference is very close
to zero at 0 turns) at the driven frequency of 0.523, how-
ever a monotonic increase in the phase difference versus
time brings the beams to oscillate in opposite phases (π
radians) after 9000 turns. The coherent oscillation ampli-
tudes exponentially grow to values larger than the beam
size (σx ≈ 100 µm including the beam-beam dynamic fo-
cusing). The instability saturates at about 12000 turns
as shown in Figs. 3 and 5. The coherent oscillations of
the electron and positron beams with exactly opposite
phases cause off-centered collisions and, consequently, the
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FIG. 4: Bottom: Relative luminosity versus frequency of the
noise for three noise amplitudes. Top: Illustration of the hor-
izontal spectrum of the centroid motion for an unstable case,
showing the σ-mode and π-mode of the beam-beam interac-
tion.
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FIG. 5: Time evolution of the driven spectral lines of the hor-
izontal motion of the electron and the positron beams for an
unstable case (CC noise at IP is 5 µm with frequency 0.523).
The phase difference between the driven spectral lines of the
two beams is shown versus turn number. The amplitudes of
the e− and e+ motion at the same frequency are also shown.

luminosity loss. The dephasing of the driven oscillations
towards /pi radians seems to be the key ingredient of
the instability since it is not observed in the stable cases.
This motivates the following conjecture to explain the in-
stability: Driving large beam oscillations casues a reduc-
tion in the π-mode frequency due to the non-linear beam-
beam interaction. Therefore when exciting between the
σ- and the π-modes there exists an amplitude for which
the driving frequency and the π-mode are in resonance.

This conjecture is illustrated by computing the eigen-
frequencies of the beam motion in presence of the beam-
beam interaction for different oscillation amplitudes.
Due to the non-linearity of beam-beam interaction nu-
merical simulations must be performed. The electron and
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FIG. 6: Illustration of the dependence of beam-beam eigen-
modes on the beam oscillation amplitude using a rigid bunch
model. Top: horizontal spectrum for three cases with increas-
ing initial collision offset showing a reduction of the π-mode
frequency. Bottom: π- and σ-mode frequencies versus initial
collision offset.

positron bunches are represented by a single macropar-
ticle to avoid filamentation. The beam-beam kick corre-
sponds to that of a Gaussian bunch with constant beam
size. A linear one-turn map is applied to transport the
macroparticles around the accelerator. Free oscillation
are simulated by giving an initial offset to the macropar-
ticles. Figure 6 shows the results of these simulations.
Both top and bottom plots show that for oscillations in
the order of 2.5 beam sigma the frequency of the π-mode
is reduced to 0.523 as would be required for the resonace
condition of Figs. 4 and 5. The consistency between the
observations, the multiparticle simulations and the single
macroparticle simulations validate, at least to a qualita-
tive level, the previous conjecture for the mechanism of
the instability.

Noise driven oscillations are the fundamental reason
for the onset of the instabilities. During the 2008 experi-
ments only one of the predicted instabilities was observed
(the strong one at frequency of 0.52) and a direct obser-
vation of the driven oscillations could not be done for
scheduling reasons. Therefore another dedicated experi-
ment in December 2009 was done to search for the weaker
instability (at a frequency of about 0.55) and to directly
observe the driven oscillations by using the Bunch Os-
cillations Recorder (BOR) [4].Figure 7 shows the relative
luminosity versus noise frequency as measured during the
2009 experiments, together with model predictions. The
measured points at the noise amplitude of 0.4 µm clearly
reveal the existence of the predicted weaker instability at
the frequency of 0.55. The model prediction at 0.4 µm
shows the loss peak slightly displaced (at 0.56) and with
half the amplitude of the measurement. The data for the
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FIG. 7: Relative luminosity versus frequency of the noise for
two noise amplitudes, both from measurements and simula-
tions.
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FIG. 8: Observed coherent oscillations versus amplitude of
the CC noise excitation. Both quantities expressed as equiv-
alents at the IP location.

amplitude of 0.7 µm is not dense enough to locate the loss
peak and shows a larger loss than the model prediction
at 0.52, 0.54 and 0.58. The small discrepancies between
model and measurement at this lower level of losses might
be attributed to the uncertainties on beam parameters or
to the lack of some ingredient in the simulation. How-
ever it is remarkable that the weaker instability was first
predicted by simulations and then observed in measure-
ments. Figure 8 shows the measured amplitude of the
beam oscillations extrapolated to the IP versus the crab
cavity noise amplitude (as expressed in IP equivalent am-
plitude). The main goal of these data is to confirm the
existence of coherent oscillations driven by the CC noise.
The order of magnitude of these oscillations is compa-
rable to that predicted by the numerical simulations in
Fig. 5.

Amplitude scans were also performed for frequencies
close to the vertical tunes, Figs. 9 and 10. The crab cavity
deflects in the horizontal plane, therefore in the absence
of transverse coupling no resonance effect is expected.
Measurement and simulation agree in confirming the ab-
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FIG. 9: Luminosity versus HER crab cavity noise as extrapo-
lated to IP displacement. The noise frequency is close to the
HER vertical tune.
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FIG. 10: Luminosity versus LER crab cavity noise as extrap-
olated to IP displacement. The noise frequency is close to the
LER vertical tune.

sence of any instability in the range shown on the plots.
However the agreement between measured and simulated
luminosity loss is worse than when exciting close to the
horizontal tune. This can only be explained by the lack
of some ingredient in the simulation like transverse cou-
pling. The LER measurement, in Fig. 10, is the most
astonishing showing an increase of the luminosity for the
small excitation amplitudes.

III. CRAB DISPERSION

The total deviation of the beam trajectory from the
reference orbit can be decomposed as

x(s, z) = xD(s, δ) + xβ(s) + xDcc
(z, s), (2)

where xD, xβ and xDcc
represent the dispersive, beta-

tron and the crab dispersive orbits, respectively. The z-
dependent crab dispersive orbit is given by the following
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equation [7],

xDcc
(z, s) =

√

β(s)

β∗

c

ω
tan

(

θ

2

)

sin
(ωz

c

) cos (∆ϕ1 − πQ)

cos (∆ϕ0 − πQ)
(3)

where ∆ϕ1 is the phase advance between the crab cavity
location and the location s, and ∆ϕ0 is the phase advance
between the crab cavity location and the IP. To have
a similar quantity as the off-momentum dispersion, the
crab dispersion is defined as:

Dcc(s) =
xDcc

(1σz , s)

1σδ

. (4)

The crab dispersion can be measured in several ways.
The simplest one is through orbit differences switching
on and off the crab cavity when operating the crab cavity
with some phase shift. KEKB regularly operates with a
phase shift of 10 degrees. The measured KEKB LER (low
energy ring) crab dispersion is compared with the model
prediction from Eqs. (2) and (4) and the design TWISS
parameters of the KEKB LER. Figure 11 demonstrates
that a good agreement is found between the measurement
and the model prediction.

IV. CONCLUSIONS

Beam dynamics experiments with crab cavities in
KEKB during 2008 and 2009 have served to verify the

theoretical models and to discover noise-driven instabili-
ties in the presence of the beam-beam interaction. These
instabilities have been understood as a resonant excita-
tion of the π-mode which exhibits an amplitude depen-
dent frequency. Therefore for certain excitation frequen-
cies there exists an amplitude threshold for which a res-
onant forced oscillation occurs.

Two instabilities at different frequencies and phase
noise amplitudes have been observed both in measure-
ments and simulations. The threshold for the onset of
the strongest instability (when frequency is close to the
machine tune) is found to be at an IP amplitude of
about 4.5 µm (≈ 0.015σx for LER). The weaker instabil-
ity between 0.55-0.56 (close to the π-mode) develops at
0.4 µm (≈ 0.0013σx). This noise amplitude corresponds
to 0.02 degrees of the CC phase noise.

The crab dispersion was measured by computing dif-
ference orbits switching on and off the crab cavity with
10 degrees phase shift. Model and measurements are in
good agreement.

These measurements set the first steps towards the val-
idation of crab cavities in the LHC. On one hand the
proton beam in the LHC will not benefit from the cool-
ing by synchrotron radiation but on the other hand the
beam-beam tuneshift of the LHC will not reach the cur-
rent KEKB beam-beam tuneshift. Dedicated LHC sim-
ulations using the above verified beam dynamics models
for CCs should shed light into the phase noise tolerances.
Regarding the above results it is advisable to aim at noise
levels well below the observed 0.02 degrees for the onset
of the weaker instability.
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