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Abstract

20 years after they were initialy proposed, in February
2007 crab cavities arefor the first timeinstalled in an oper-
ating collider, KEKB. The commissioning of KEKB with
crab cavities is reported, and the performance of the col-
lider is compared with the performance without crab cav-
ities and with the beam-beam simulation. Operational ex-
perience of the crab cavities with beamsis described.

KEKB B-FACTORY

KEKB B-Factory [1] has been operating at KEK since
1999 for the et+e- collision experiment mainly at the Y (4S)
resonance. KEKB is composed of the low energy positron
ring (LER) at 3.5 GeV, the high energy electron ring (HER)
at 8 GeV, and an injector linac. Two beams collide at the
physics detector named “Belle”. The machine parameters
arelisted in Table 1. Figure 1 shows the history of KEKB.
The highest luminosity, 1.72x 1034cm~2s~!, was achieved
in Nov. 2006. The peak luminosity is higher than the de-
sign by 70 % mainly due to smaller 55 (6 mmvs. 10 mm),
horizontal betatron tune closer to ahalf integer (LER:0.505
/ HER:0.511 vs. 0.52), and higher stored current in the
HER (1.35 A vs. 1.1 A). The daily integrated luminosity
is as twice high as the design due to Continuous Injection
Mode as well as acceleration of 2 bunches per an rf pulse
at the linac. The electron clouds in the LER have been
mitigated up to 1.8 A with 3.5 bucket spacing by solenoid
windings of 2,200 m.

CRAB CROSSING SCHEME

One of the main design features of KEKB is the hori-
zontal crossing angle of 22 mrad, at the interaction point
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Table 1: KEKB Machine Parameters.

May 2008 Nov. 2006

LER HER LER HER
Energy 35 8.0 35 8.0 GeV
Circum. 3016 3016 m
Deross crab crossing 22 mrad
Theam 1619 854 1662 1340 | mA
Nbunches 1584 1387
Ihunch 102 0539 | 120 0965 | mA
Eu 15 24 18 24 nm
Jop 90 90 59 56 cm
By 5.9 5.9 6.5 5.9 mm
oy 11 11 19 19 pm
V. 8.0 13.0 8.0 15.0 MV
Vg .505 .509 .505 .509
Vy .567 .596 .534 .565
Vs -.0240 -.0204 | -.0246 -.0226
& .099 119 117 .070
&y .097 .092 .105 .056
Lifetime 94 158 110 180 min.
Lumi. 16.10 17.12 /nb/s
Lum/day 1.092 1.232 /fb

(IP). Although there are many merits in the crossing an-
gle scheme, the beam-beam performance may degrade.
The design of KEKB predicted that the vertical beam-
beam parameter &, is as high as 0.05 if betatron tunes are
properly chosen and actually KEKB has already achieved
& ~ 0.056. Thus the beam-beam issues associated with
the crossing angle was not critical if &, is lower than 0.05
or so. The crab crossing scheme was proposed in 1988
by R. Palmer[2] as an idea to recover the head-on colli-
sion with the crossing angle for linear colliders. It has
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Figure 1: History of KEKB.
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Figure 2: Predicted beam-beam parameters by the strong-
strong beam-beam simulations with the crossing angle of
22mrad (purple) and the head-on(crab crossing) (red).
Some experimental data are also shown with closed circles.

been aso shown that the synchro-betatron coupling terms
associated with the crossing anglein ring colliders are can-
celed by the crab crossing[3]. The crab crossing scheme
has been considered in the design of KEKB from the be-
ginning as a backup measure against the crossing angle.
Once, the crab cavities seemed non-urgent because KEKB
achieved & > 0.05 at the early stage of the operation (in
2003). However, recently an interesting beam-beam sim-
ulation results appeared[4], predicting that the head-on or
the crab crossing provides higher &, > 0.1, if combined
with the horizontal tune very close to the half integer. Fig-
ure 2 shows the comparison of &, for the head-on (crab
crossing) and the crossing angle with a strong-strong beam-
beam simulation. Then the development of the crab cavi-
ties has been revitalized. The origina design of KEKB had
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tiesto provide necessary magnitude of the beta functions at
the cavities and the proper phase between the cavities and
the IP. A number of quadrupol es have switched the polarity
and became to have independent power supplies.
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Figure 3: Layout of the crab cavitiesin the KEKB rings.
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Table 2: Typica parametersfor crab cavities. The crossing
angle, the horizontal beta functions at the 1P and the crab
cavities, the horizontal tunes, the horizontal phase advance
from the cavities to the IP, the crab voltage and the RF fre-
guency are shown.

LER | HER
Deross 22 mrad
B 80~90 | 80~90 | cm
B¢ 68 130 m
Vg 45506 | 44511
< /2m 0.25 0.25
Vo 0.83 1.37 MV
fRF 508.89 MHz

MACHINE STUDY AND PHYSIC RUN
WITH CRAB CAVITIES

Thecrab cavitieswereinstalled at KEKB during thewin-
ter shutdown in FY 2006[5]. A dedicated machine time
from Feb. 13 2007 to the end of June 2007 was devoted to
the commissioning of the crab cavity system and the ma-
chine study with the crab crossing.[6] In most cases, the
beam study was done with relatively small beam currents
typically 100mA (LER) and 50mA (HER). The crabbing
motion of the beams by the crab cavities was confirmed
by observing tilts of bunches with the streak camera[7]. A
high beam current operation of the crab cavities was aso
tried for different two purposes. Firstly, we hoped to con-
firm that a high luminosity is actually achieved with the
crab on. In the high beam current operation, the peak lumi-
nosity exceeded the design luminosity of 1x1034cm =257,
Secondary, we confirmed that the nominal beam currents
before the installation of the crab cavities can be stored
with the crab cavities detuned. This means that we can re-
turn to the situation before the crab installation by detuning
them in case that the crabs are serious obstaclesfor the high
luminosity. In the autumn run in 2007 following the beam
study, the physics operation started with the crab cavity on.
Since then, we have been operating KEKB with the crab
cavities on. So far, the highest luminosity with the crab
crossing is 1.61 x 103*cm™=2s~!. Thisvalue is somewhat
lower than before the crab installation. However, the value
was achieved with much lower beam currents, particularly
for HER. A comparison of machine parameters before and
after the crab installation is also shown in Table 1.

Beam-beam performance with crab crossing

Figure 4 shows the specific luminosity as function of the
bunch current product. In the figure, the pointsin thin-blue
are data of the 22mrad crossing angle in the physics run.
The red points denote data of the crab crossing taken in the
dedicated beam study and in most cases the bunch spacing
was as long as 49 RF buckets. The datain green was taken
in the physics run with the crab crossing when the high-
est luminosity was achieved with the crab crossing. In this
case, averaged bunch spacing was 3.06 RF buckets. Since
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Figure 4: Beam current dependence of specific luminosity.

thereis no big difference between the long and short bunch
spacings, effects depending on the bunch spacing such as
the electron clouds are not very important for the specific
luminosity in the present operation condition. In the fig-
ure, also shown is the specific luminosity predicted by the
beam-beam simulations. Both predictions with and with-
out the crab crossing are shown. As seen in the figure, the
experimental dataare consistent with the simulationin case
of the 22mrad crossing angle. On the other hand, in case of
the crab crossing, the experimental values are much lower
than the predictions particularly at the high bunch currents,
although at the low bunch currents there is a good agree-
ment between them. This low specific luminosity at high
bunch currentsis a serious problem. Another problem with
the crab crossing is that the bunch current product is lim-
ited at around 0.85mA? due to decreases of beam lifetime.
This problem is also serious, since the design value of the
SuperKEKB is 1.53mA2. This beam current limitation is
not predicted by the beam-beam simulation. In Figure 1,
some experimental values of the vertical beam-beam pa-
rameter are shown. As seen in the figure, the experiment
value of the 22mrad crossing angle is consistent with the
simulation. In case of the crab crossing, however, the ex-
perimental value is much lower than the simulation at the
high bunch currents. The maximum vertical beam-beam
parameter with the crab crossing exceeds 0.093. Thisvalue
is very high in ausual sense, which indicates the potential
superiority of the crab crossing.

POSSIBLE CAUSES OF LUMINOSITY
RESTRICTION

We have not yet identified the cause of the low specific
luminosity at the high bunch currents, although we have
been struggling with the problem. Our efforts are discussed
in more details elsewhere [8]. In this section, we briefly
summarize our effortsto solve the problem.

Too many tuning parameters? In the routine lumi-
nosity tuning of KEKB, we make tuning on many param-
eters such as the orbital offsets at the IP and the crossing
angles in both horizontal and vertical directions, the local
x-y coupling at the P, the horizontal and vertical dispersion

A14 Advanced Concepts
1895



WEXGO01

at the IP and their dopes, the vertical waist pointsat the IP,
the crab voltages, the x-y coupling parameters at the crab
cavities, the betatron tunes and so on. In the conventiona
method of tuning at KEKB, most of these parameters (ex-
cept for the parameters optimized by observing their own
observables) are scanned one by one just observing the lu-
minosity and the beam sizes. One possibility of the low
specific luminosity is that we have not yet reached an opti-
mum parameter set due to too wide parameter space. Asa
more efficient method of parameter search, we introduced
in autumn 2007 the downhill simplex method for 12 pa-
rameters of the x-y coupling parameters at the IP and the
vertical dispersions at the | P and their dopes. These 12 pa-
rameters can be searched at the same time in this method.
We have been using this method since then. However,
even with this method an achievable specific luminosity
has not been improved, although the speed of the parameter
search seemsto be rather improved. Our method of param-
eter search was examined by the beam-beam simulation.
The same procedures as the parameter scan or the simplex
search were performed in the simulation with intentionally
introduced errors for the 12 parameters. The simulation
showed that we can reach the parameter set which gives a
satisfactory luminosity, if the errors are in the range of our
usual tuning.
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Figure 5: Beam current dependence of specific luminosity
with different horizontal beta functions at the IP.

Beam lifetime issue In the luminosity tuning, we
sometimes encounter the situation that we can not set pa-
rameters giving a higher luminosity due to poor beam life-
time. We have been suspecting that poor beam lifetime
brings the low specific luminosity at high bunch currents.
Asfor the process which affects beam lifetime, we recently
found a process which might be responsible for the life-
time decrease. Thisis the dynamic beam-beam effects; i.e.
the dynamic beta effect and the dynamic emittance effect.
Since the horizontal tune of KEKB isvery close to the half
integer (typically .506), the effects are very large. The hor-
izontal beta function at the IP (5%) shrinks from 0.9m to
0.2m and the horizontal emittance (e,) is enlarged from
18nm to 55nm with v, of .506 and the unperturbed beam-
beam parameter (£,.0) of 0.09. The change of the betafunc-
tion at the IP means a large beta beat all around the ring.
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In this situation, we found that the horizontal beam sizes at
around the crab cavity in both ringsarevery large (typically
7mm) at the high bunch currents and the physical aperture
thereisonly around 5 o,.. Therefore, there is a possibility
that the physical aperture around the crab cavities affects
the beam lifetime serioudly. If this is true, we can miti-
gate the situation by lowering the horizontal beta function
at the crab cavities, which is possible by enlarging 5 with-
out changing the crab voltages. We performed an experi-
ment where we enlarged 5 from 0.8m to 1.5m for both
rings. The experimental result is shown in Figure 5. The
specific luminosity with 8% = 1.5m is shown in the ma-
genta color. The values of the beam-beam simulation are
also plotted with two different val ues of the global x-y cou-
pling. A remarkable thing with this new optics is that the
maximum bunch currentsincreased. It seemsthat the cause
of this bunch current limitation is physical aperture around
the crab cavities associated with the dynamic beam-beam
effects. However, the tendency that the specific luminosity
agrees with the simulation at the low bunch currents and
disagrees at the high bunch currents still exists even with
this new optics. Therefore, we can not conclude that the
beam lifetimeissue creates the steeper slope of the specific
luminosity than the beam-beam simulation.

Synchro-betatron resonance In the course of KEKB
operation, it turned out that the synchro-betatron reso-
nances of (2vx + v = integer) and (2 + 2v5 = integer)
affects the KEKB performance serioudy. Nature of the
resonance lines was studied in details during the machine
study on the crab crossing last year. We found that the res-
onances affect (1) single-beam lifetime, (2) single-beam
beam sizes (both in horizontal and vertical directions),
(3) two-beam lifetime and (4) two-beam beam sizes (both
in horizontal and vertical directions) and the effects are
beam current dependent. The effects lower the luminos-
ity directly or indirectly through the beam-size blowup,
the beam current limitation due to poor beam lifetime or
smaller variable range of the tunes. The resonance lines
in HER are stronger than those in LER, since we do not
have a local chromaticity correction in HER. In the usual
operation, the horizontal tune of LER can be set below the
resonance of (2vx + vs = integer), while that of HER is
just above the resonance line, although the lower tune is
preferable according to the beam-beam simulation.

The strength of the resonance lines is strongly depen-
dent on the choice of sextupole magnets. A large amount
of efforts has been devoted for searching a better set of sex-
tupole magnets [9][8] and they contributed to the increase
of the luminosity. At present, there is no direct evidence
that the synchro-betatron resonances are responsiblefor the
low specific luminosity at the high bunch currents. How-
ever, we still think that they are a possible candidate.

Phase errors of crab cavity Fast noises may induce
some loss in the luminosity. According to the beam-beam
simulation, allowed phase error of the crab cavities for N
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turn correlationis0.1 x v/N degrees. On the other hand, the
measured error under the presence of the beams was less
them 0.01 degree for fast fluctuation (= 1kHz) and less
than 0.1 degree for slow fluctuation (from ten to several
hundreds Hz). Then, the measured phase error is much
smaller than the allowed values given by the beam-beam
simulation.

Other possibilities There are yet other possibilities
that may degrade the specific luminosity.

e The vertical crab at the IP, which is created by some
errorsrelated to the crab kick such asamis-alignment
of the crab cavity and thelocal x-y coupling at the crab
cavity, degradesthe luminosity?

o An unexpectedly large vertical single-beam emittance
degrades the luminosity?

e Thecrosstalk between the beam-beam effects and the
lattice non-linearity affects the luminosity? [10]

o Fast noises from the transverse bunch-by-bunch feed-
back system degrades the beam-beam performance?

These possibilities have been investigated by experi-
ments and/or beam-beam simulations. However, we have
not yet found a promising explanation for the degradation
of the specific luminosity.

EXPERIENCE OF CRAB CAVITY
OPERATION WITH BEAMS

Theinitial goal of the beam study of the crab cavitieswas
to prove that the high beam-beam parameters predicted by
the simulation is actually achieved in areal machine. This
study could be done with relatively low beam currents with
afewer number of bunches. A high beam current operation
of the crab cavities had the second priority, since their tol-
erance against the high beam currents was unknown. How-
ever, they have been working much more stably than the
initial expectation and are presently being used in the usual
physicsrun. Figure 6 shows a history of the trip rate of the
crab cavities. Period 1 in the figure was a dedicated ma-
chine time for the study of the crab cavities and the crab
crossing. In most of cases, the beam currents are rather
low, typically 100mA (LER) and 50mA (HER). Around the
6th week, the maximum attainable kick voltage of the LER
crab cavity dropped suddenly from ~ 1.5MV to ~ 1.1MV
for an unknown reason. Inthe middle of thisperiod, we had
to warm up the system up to the room temperature to re-
cover from frequent trips of LER carb cavities. It was also
expected that the performance degradation of the LER crab
cavity was recovered with the warm-up. However, the per-
formance was not improved and this problem has not been
solved since then. In the summer shutdown following Pe-
riod 1, the cavities were warmed up again to the room tem-
perature. From Period 2, the use of the crab cavitiesin the
usual physic run started. At the beginning of this period,
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we were troubled with frequent trips of the HER crab cav-
ity. This problem was solved by lowering the crab voltage,
which was possible by enlarging the horizontal beta func-
tion at the crab cavity, and RF conditioning. In the winter
shutdown following Period 2, the cavities were warmed up
once again to the room temperature. During Period 3, the
trip rate of the HER crab cavity seems to be more or less
stable, while that of the LER crab has a tendency to in-
crease sowly after the warm-up. Generally speaking, the
HER crab cavity shows a higher trip rate than that of LER
corresponding to the higher crab voltage as shown in Table
2. It seems that the situation of the trip rate has reached a
more or less stationary state and the similar situation will
continue from now on. As for causes of the trips, most
of HER cases are breakdowns of superconductivity due to
discharge in the cavity. On the other hand, causes of LER
cavity are discharge in the coaxial coupler or at the input
coupler.

RF Trip of Crab Cavity (13/02/2007~16/06/2008)

Period 1 ] Period2 [
45 |— (13/02/2007~30/06/2007) {05/ 10/2007~ 17/12/200M4+——
| 1
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(12/02/2000~ 16/06/2000)  —]

T
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Figure 6: Trip rate of crab cavity system.
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