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Abstract
Crab cavities have been installed in the KEKB B–

Factory rings to compensate the crossing angle at the col-
lision point and thus increase luminosity. The beam opera-
tion with crab crossing has been done since February 2007.
This is the first experience with such cavities in colliders or
storage rings. The crab cavities have been working without
serious issues. While higher specific luminosity than the
geometrical gain has been achieved, further study is neces-
sary and under way to reach the prediction of simulation.

KEKB B–FACTORY
KEKB B–Factory[1] has been operating since 1999 for

the collision experiment mainly at the Υ(4S) resonance.
KEKB consists of the low energy positron ring (LER) at
3.5 GeV, the high energy electron ring (HER) at 8 GeV, and
the injector linac. Two beams collide at the Belle detector.
The machine parameters are listed in Table 1. The high-
est luminosity, 1.72× 1034cm−2s−1, was recorded in Nov.
2006. The peak luminosity became higher than the design
by 70% mainly due to smaller β∗

y (6 mm vs. 10 mm), hor-
izontal betatron tune closer to a half 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 the Continuous Injection
Mode as well as acceleration of 2 bunches per an rf pulse at
the linac. The electron cloud in the LER, which was much
more severe than thought in the design, has been mitigated
up to 1.8 A with 3.5 bucket spacing by solenoid windings
for 2,200 m.

CRAB CROSSING
One of the main design features of KEKB is the hor-

izontal crossing angle, 22 mrad, at the interaction point

(IP). Although there are a lot of merits in the crossing
angle scheme, the beam-beam performance may degrade.
The design of KEKB predicted that the vertical beam-
beam parameter ξy is as high as 0.05 if betatron tunes are
properly chosen, and actually KEKB has already achieved
ξy ≈ 0.055. Thus the beam-beam issues associated with
the crossing angle was not critical if ξy is lower than 0.05
or so.

The crab crossing scheme, invented by R. Palmer[3],
was an idea to recover the head-on collision with the cross-
ing angle. It has been also shown that the synchrotron-
betatron coupling terms associated with the crossing an-
gle are canceled by crab crossing[4]. The crab crossing
scheme has been considered in the design of KEKB from
the beginning as a backup solution for the crossing angle.
Once, the crab crossing seemed non-urgent issue because
KEKB achieved xiy ∼ 0.055 in the early stage of the oper-
ation (around the year 2000). Sooner or later an ineresting
beam-beam simulation results appeared[5], predicting that
the head-on or the crab crossing provides higher ξy > 0.1.
Figure 1 shows the comparison of ξy for the head-on (crab)
and crossing angle with a strong-strong beam-beam simu-
lation. Then the development of the crab cavities has been
revitalized.

Single Crab Cavity Scheme

The original design of KEKB had two cavities for each
ring, both side of the IP, where the crab kick excited by
the first cavity is absorbed by another one. The new single
crab cavity scheme extends the region with crab orbit until
both cavities eventually merge to each other in a particular
location in the ring. Then it needs only one cavity per ring.
The layout is shown in Fig. 2. In the case of KEKB, this
scheme not only saved the cost of the cavities, but made
it possible to use the existing cryogenic system at Nikko
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70% higher than the design doubled the design



The best day > 1.2 /fb

1034

   The power of Continuous Injection Mode   



PEP-II

KEKBKEKB has 22 mrad horizontal crossing 
angle at the IP:

•Easier beam separation

•Simpler design around the IP.

•Less number of components.

•Less synchrotron radiation.

•Less luminosity-dependent background.

•Space for compensation solenoid, etc.



Input Coupler Liq. Helium Vessel

Stub Support

Coaxial Coupler

Copper Bellows80 K Liq. Nitrogen Shield

Notch Filter

RF Absorber

Aluminum
         End Plate

Aluminum
         End Plate

SUS Support Pipe

Crab Crossing @ KEKB

Crossing angle 22 mrad

Head-on (crab)
(Strong-strong simulation)

!Crab Crossing can boot the beam-beam parameter higher than 0.15 !

!Crab cavities were successfully 
produced and beam study has started

in Feb. 2007.

K. Ohmi
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Single Crab Cavity Scheme

1 crab cavity per ring.

saves the cost of the cavity and cryogenics.

avoids synchrotron radiation hitting the cavity.

•Beam tilts all around the ring.

•z-dependent horizontal closed orbit.

•tilt at the IP:



Concept of the KEKB Crab Cavity

E

EB

The squashed cell shape cavity scheme was studied 
extensively by K. Akai at Cornell in 1991 and 1992

for CESR-B under KEK-Cornell collaboration.

We adopted this design as “base design”!

Crab Kick TM110 B-field

Coaxial Coupler TM010, TE111
Squashed Cell Shape Cavity TM110*Top View

Squashed Cell Shape Cavity



Crab Cavity & Coaxial Coupler in Cryomodule

Support Rod

Jacket Type Main He vessel
(SUS316L)

Jacket Type Sub He vessel

Coaxial Beam Pipe (Nb)

Stub Support

Crab Cavity Cell
Notch Filter

Support Pipe
Tuning Rod

RF Absorber
(Ferrite)

Extract TM010, TE111 Mode
Frequency Tuning

Input Coupler

Bellows

RF Absorber
(Ferrite)

K. Hosoyama et al



Construction & High Power Test of Crab Cavities
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Forming and Barrel Polishing　

Forming of 4 Half-Cells for Crab 

Cavity for LER and  HER

 

Feb. 14, 2005 at Mitsubishi Heavy 

Industries, LTD. Kobe  

Barrel Polishing

Nov. 11, 2005 at KEK

Polishing Time   312 Hr



Electro Polishing & Annealing

Cathode: 
    Aluminum Straight Pipe

Crab Cavity: 
    Rotating ~ 1 rpm

Annealing at 700oC for 3 hours
                               at Kinzoku Giken Ltd.

Titanium Box

EP 1    ~ 100 µm
EP 2       ~ 5  µm

Electro Polishing at Nomura Plating Ltd.



High Pressure Rinsing and Assembling for RF Cold Test 

Nozzle

High Pressure Water Rinsing
                  by 80 bar Ultra-Pure water

Rotation & Up-Down Motion

Set Flanges of Beam Pipes and Ports
                                          in Class 100 Clean Room



Alignment of Coaxial Coupler

Decide the axis of the coaxial coupler
set in the cryostat by using  transit.

Align the axis of the coaxial coupler
which will be connected to the coaxial 
coupler of cryostat side.



Move to Test Stand for Cool-down & High Power Test 

Mt. Tsukuba

Crab cavity for HER

April 26, 2006     1st

Oct. 16, 2006     2nd

Crab cavity for LER

Dec. 6, 2006



RF Conditioning in Horizontal Tests

1.93MV

120kW

1.80MV

55kW

HERLER

Temporary Warm-Up

Dramatic recovery!

The field was not increased!

The sampling time is 0.5sec.

Coupler conditioningCoupler conditioning

Goal

1.4 MV



Frequency Trend in Horizontal Test
These figures show the results from the low power measurement by Network Analyzer.

The cool-down were temporarily stopped due to the mode change for the refrigerator around 250K.



QL Trend in Horizontal Test
These figures show the results from the low power measurement by Network Analyzer.



Q0 vs. Esp Curve

LER Crab Cavity HER Crab Cavity

shows the target value in the operation.

These figures show the comparison of Q0 vs. Esp curve
 between Vertical and Horizontal Test for the both Crab Cavities.



LER HER

RF Phase Stability

Phase stability of the crab mode was better than the requirement 
with the rf feedback.
Slow stability below 1 Hz is shown above.
Independent measurement by a spectrum analyzer shows better 
than 0.01 deg for f > 2 kHz, 0.1 deg for 2 Hz < f < 2 kHz.
Backlash or friction exists in the coaxial tuner for the LER.



Finally two crab cavity was installed in KEKB, 
one for each ring in January 2007.

HER (e-, 8 GeV) LER (e+, 3.5 GeV)



Crab Crossing Started at KEKB 
★ A number of checks have confirmed the effective head-on collision:

• streak camera  

• crab-phase scan 

• sign change and scan of crab voltage

• horizontal beam-beam kick

• vertical crabbing

★ The highest vertical beam-beam tune-shift parameter is about 0.088 so 
far, which is higher than the geometrical gain due to head-on by 15%.

★ Due to the low-current operation with longer bunch spacing (98 ns), the 
effect from electron cloud has been negligible.

★ There are a few issues are speculated for the reason why the luminosity 
is lower than the prediction, but not yet confirmed.

 First 
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HER

LER

Warmup
to 300K

Crab cav.
detuned

IHER = 0.7 A,
ILER = 1.3 A,

L > 1034 with
crab crossing.



LER HER

March 58 43

April 55 21

May 13 16

June 7 27

Total 133 107

Trip Statistics

Green line shows the maintenance day.
Black line shows the warm-up period.

Only 1 day
80 K About 3 weeks

300K

Number of trips per cavity per ring.
From March/1 to June/22 (114days)

Y. Yamamoto



Beams has indeed tilted!

LER HER

inside of 
the rings

outside of 
the rings

- Observation with Streak Cameras (H. Ikeda et al, FRPMN035)

The streak camera

longitudinal

horizontal



Crab Phase Scan (LER)

0

36

72
108

144

180

216

252
288

324

360

Vcrab  set:1.0MV,  estimated: 0.987MV 
agree to each other very well. 　　

crabHorizontal orbit by crab kick
crab

Horizontal kick by crab cavity (rad)
(Estimated by orbit fit)

H. Koiso et al, TUPAN045



Sign Change in the Crab Angle 

Luminosity

Vert. size LER σy blowup

12080

Reversed LER crab angle Reversed LER & HER

Reversed HER

HER σy blowup

Both correct

20060

H. Koiso



Vcrab Scan (HER)

3.6 mrad 

Luminosity Ratio

Vertical beam size

Beam lifetime

design

H. Koiso



Vertical Crabbing ?

Vertical size dependence on the vertical crossing angle 
should be symmetric around the vertical head-on collision.

vert. size

Luminosity

Lifetime

asymmetric more symmetric

H. Koiso



How to find out the vertical  head-on condition

Adjust “R1” at the IP of one ring while fixing 
another to find out the head-on condition.

asymmetric: cannot become 
head-on by vertical angle.

symmetric: can become head-
on by the vertical angle

Vertical angle 
scan

H. Koiso

X-y coupling at the crab can 
a"ect the vertical crabbing also.



Specific Luminosity

! A number of measurements indicate effective head-on collision.

! The vertical tune shift became higher than 0.088. Before crab, it was 0.055.

! The specific luminosity / bunch was improved by about 15% more than the
geometric gain.

! Need more time to achieve the goal (X2 specific luminosity).

the highest 
vertical beam-beam tune 
shift was about 0.088.

before

crab, tune shift 

was 0.055



Issue 1: Too many tuning knobs?y t g k
Table 3: Tuning knobs for the crab crossing and their observables. Many depend only on the beam size σy at the
synchrotron radiation monitor (SRM), besides the luminosity L.

Knob Observable frequency: every
Relative beam offset IP Beam-beam kick measured by BPMs around the IP 1 sec
Relative beam angle IP BPMs around the IP 1 sec
Global closed orbit All ∼ 450 BPMs 15 sec
Beam offset at crab cavities[11] BPMs around the crab cavity 1 sec
Betatron tunes tunes of non-colliding pilot bunches ∼ 20 sec
Relative rf phase center of gravity of the vertex 10 min.
Global couplig, dispersion, beta-beat orbit response to kicks & rf frequency ∼ 14 days
LER to HER crab voltage ratio response in the hor. beam-beam kick. vs. crab rf phase ∼ 7 days
Rf phase of crab cavity hor. kick vs. crab voltage response ∼ 7 days
Vertical waist position L and σy at the SRM ∼1 day
Local x-y couplings and dispersions at IP L and σy at the SRM ∼1 day each
Sextupole settings L and lifetime ∼ 3 days
X-y coupling parameter at the crab cavities L and σy at the SRM ∼ 3 days
Crab kick voltage L and σy at the SRM ∼ 7 days

can basically compensate such effects, but again there is no
independent observable on this effect besides the luminos-
ity and the beam sizes.

Discussions
The crab crossing has been tested at KEKB for about 4

months. The crab cavities has been working basically very
well providing the necessary kick voltage stably. Although
there are a lot of indications of the effective head-on colli-
sion, the specific luminosity has not reached the predicted
value yet. There are a few speculation on the reason:

• Too many knobs are tuned only by the luminosity and
the vertical beam size as described above.

• The horizontal tunes are close to the synchrotron-
betatron resonance line 2νx + νz = integer. Actu-
ally single-beam blowup of the horizontal and vertical
beam sizes and drop of the beam lifetime were ob-
served when the betatron tunes cross the resonance
line.[14] The magnitude of the blowup strongly de-
pend on the setting of the sextupoles. It is possible to
estimate the blowup in the model by considering of the
equilibrium horizontal emittance in the synchrotron
phase space[13]. Such an optimization as well as the
dynamic aperture has been tried to find out a good so-
lution of sextupoles.

• Negative momentum compaction factors have been
tried in both rings to examine the effect of the res-
onance above, expecting a sum and difference reso-
nances may behave differently. It was not successful,
however, a longitudinal oscillation was found in the
LER caused by a single bunch microwave instability.

• There was a speculation related to the dynamic emit-
tance effect caused by the beam-beam effect as the
horizontal emittance largely increases when the hori-
zontal tune is close to a half integer as KEKB (0.505
and 0.511). If the lattice has errors in the x–y cou-
pling, such horizontal dynamic emittance may dilute

to the vertical emittance. On the other hand, this ef-
fect can be cancelled if the local coupling at the IP is
properly corrected.
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• Many knobs are determined by scans only on the
luminosity, beam sizes, and the lifetime.

• Scan is slow, each takes about 30 minutes.

• Question in the multi-dimensional nonlinear optimization.



K. Ohmi

An example: the Horizontal Offset and the 
crossing angle at the IP

• Luminosity degrades by a small error in any one of the collision parameters. The 
horizontal offset of two beams and the crossing angle at the IP are such an 
example.

• Horizontal offset must be much less than 25 µm, and the crossing angle less than 
1.5 mrad to see the effect of crab crossing.

• There are more than 20 of such parameters. If one of them is largely off, the 
optima of other parameters cannot be found.



Issue 2: Vertical emittance small enough?

• According to the simulation, the vertical single-
beam emittance must be less than 1% to 
achieve the high luminosity(above).

• Recent calibration of the size monitor with 
“iSize” bump orbit shows the emittance ratio 
was 1.4%/1.2% for LER/HER (right).

N. Iida et al, TUPAN042

measurement

simulation

K. Ohmi
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Issue 3: Synchrotron-betatron resonance
• The horizontal tune is set nearby the

half integer resonace and its
synchrotron sidebands.

• At the resonance, the single beam
beam sizes blowup(left).

• This effect can be calculated by 
“anomalous emittance” effect.

• The blowup depends on the sextupole
setting (below).

A. Morita, THPAN042

Y. Funakoshi, TUPAN041

LER tune



More Issues
• The LER solenoid was turned off to make the optics closer to the 

model, but no clear effect was seen on collisioin.

• A negative momentum compaction lattice was tried to mitigate the 
synchrotron-betatron resonances, but a microwave single-bunch 
instability was seen in the LER for Ib > 0.6 mA, so it was given up.

• The dynamic emittance blowup due to beam-beam effect, and its 
dilution to the vertical, is not a problem if the x-y coupling at the IP 
is corrected.

•



Summary
• The crab cavities were successfully produced and installed at KEKB.

• No serious problem has been seen for the crab cavities in the beam 
operation since Feb. 2007.

• Single crab cavity scheme is working fine.

• Effective head-on collision was achieved.

• The crab crossing gave specific luminosity higher than the 
geometrical gain.

• No clear reason was confirmed why the luminosity did not reach the 
predicted value.

• Needs more time to reach the high luminosity predicted by 
simulations.




