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707 higher than the design doubled the design
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KEKB has 22 mrad horizontal crossing
angle at the IP:

eEasier beam separation

eSimpler design around the IP.

el ess number of components.

eLess synchrotron radiation.

eLess luminosity-dependent background.

eSpace for compensation solenoid, etc.

Centimeters

Centimeters

Detectlor

0
Meters

7.5




Crab Crossing @ KEKB

®Crab Crossing can boot the beam-beam parameter higher than 0.15 ! K. Ohmi
16— —
| ' ' | —4—Head-on (crab)
'14:_ ] (Strong-strong simulation)
12k
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= 09 Crossing angle 22 mrad
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041 i
: ®Crab cavities were successfully
021~ produced and beam study has started
[ . . | - i
0 E 1 r > in Feb. 2007.
Ib . IJ ER Input Coupler Lig. Helium Vessel
RF deflector /
(crab cavity) / //SUSSUPP"”"‘W m%r it
Kick | /._/74\ @%ﬁ ,,p
~ 8/ N\ ' i
Kick N eCirOnS g @ \% / Notch Filter

head-on collision

Ll
.ll-\ 6y
i —
G:,’Tﬁ gﬁﬁk
T 1
5

[]
—
, =

RF Absorber

I~ =

80 K Lig. Nitrogen Shield

111111111 I O O | A|UEV::U;[V;H K- Hosoyama’ et al



Single Crab Cavity Scheme

* | crab cavity per ring.

Cryogenics

IP (Belle)

Nikko
e 8 Supercond.

* Crab Cavities,
1 for each ring.

Camera

*Beawm tilts all around the ring.

*z-dependent horizontal ¢losed orbif.
Sweak —utilt at the IP:

0 /BBy cos(¥y — 12 /2) Vouwns

o] 2sin(p,/2) Ec

Table 1: Typical parameters for the crab crossing.
Ring LER HER

0., R mrad
B 80 80 cm
B 73 162 m

1z D TOIS 0505 T
& 20,2516 0.25
Vo 0.95 1.45 Vv

Wyt /27 509 MHz

* saves the cost of the cavity and ecryogenics.

* avoids synchrotron radiation hitting the cavity.



Concept of the KEKB Crab Cavity

goaXi|a| Input Crab Kick TM110 B-field
DLIHEr = H T Coaxial Coupler TMO10, TE111

Squashed Cell Shape Cavity TMI110*

Top View

Crab Mode
LD Rejection Filter
— J U : asii £
£ g Coaxial Coupler < Beam
RF Absorber p
m 25 ‘ = : c===al[ks Abs,o_rb'er
f >1‘o1r I\éol_lnzopole Mode Stub Support PI\E/I1O11 1O % z 72%

for Dipole Mode Q(?/

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”!

: Electric Field

B : Magnetic Field




Crab Cavity & Coaxial Coupler in Cryomodule

K. Hosoyama et al
Support Rod

Jacket Type Main He vessel

RF Absorber (SUS316L)

(Ferrite)

Jacket Type Sub He vessel

Support Pipe
Tuning Rod

Input Coupler
Notch Filter

Crab Cavity Cell
RF Absorber

. . (Ferrite)
Coaxial Beam Pipe (Nb)

Extract TM,,,, TE,;; Mode
Frequency Tuning

Bellows Stub Support



Construction & High Power Test of Crab Cavities

Jan. 20, 2007
K. Hosoyama

2006 2007

March | April May | June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. March

HER  Cool Down  |High Power Test HER
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l : Down & High Power Test
A g
Transport to AH l
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0OO0lS
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Reassemble Assembling
i T Check Modificati
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Forming and Barrel Polishing

\. o i
- I =
* s
) - . air L
.
PRt s

Barrel Polishing Polishing Time 312 Hr

Nov. 11, 2005 at KEK

Forming of 4 Half-Cells for Crab
Cavity for LER and HER

Feb. 14, 2005 at Mitsubishi Heavy
Industries, LTD. Kobe



Electro Polishing & Annealing

{ L A

Crab Cavity:

| Rotating ~ 1 rp
| Cathode:

Aluminum Straight Pipe

Electro Polishing at Nomura Plating Ltd.

EP1 ~ 100 um
EP2 ~5 um

Annealing at 700°C for 3 hours
at Kinzoku Giken Ltd.



High Pressure Rinsing and Assembling for RF Cold Test

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

High Pressure Water Rinsing
by 80 bar Ultra-Pure water

Rotation & Up-Down Motion



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

April 26, 2006 1st
Oct. 16,2006 2nd

Mt. Tsukuba

1

e .
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Crab cavity for LER | 227 |




LER

Conditioning Status for LER Crab Cavity
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Frequency Trend in Horizontal Test

These figures show the results from the low power measurement by Network Analyzer.

Frequency Trend in Horizontal Test Frequency Trend in Horizontal Test
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= L T S
R e o i =508.9]
§508.8 ————————————————————— ————————————————————— ————————————————————— LER ————————————— §508.8:

= N | = [
R i — — _— $508.7
S SN
sos6l o, wCool Down | 508.6|
08,5 @ " M 508.5F

i 5 3 5 e 3 5 i

= : : ® : [ ) : : -

L i ] ) i 1 : L
R e M—— e * D 508.4

i . Warm Up | \ B
508.3 ; ..................... ..................... .................... ............. Q .................... 508.3-

S » o
S e S T e
SO8.1 | A A— N S SO8.1 [ A A— R S

508_|\||i\|||i||||i|||\i||\|i|\||i\||| 508_|\|\i\|\li||||i|||\i||\|i|\||i||||

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Temperature [K] Temperature [K]

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



Q, Trend in Horizontal Test

These figures show the results from the low power measurement by Network Analyzer.

x10° Loaded Q Trend in Horizontal Test
~ 2T

oY
1.8

1.6

1.4

1

0.8

0.4F

1.2}

0.6

0.2k

~J

Y

doal _____ Down _____________________ ____________________ ____________________
% i : 5 5 5

50 100

>5d B 506 B é50
Temperature [K]

150 200

1.8}

1.2}

0.8

0.6

x10° Loaded Q Trend in Horizontal Test

2,
1.6
LA

I}

i ‘____CE'_QQJ. _____ Down..... A N N
| | | | | |

50 100

555 B éOd B 550
Temperature [K]

150 200



Qo vs. E5, Curve

These figures show the comparison of Qg vs. E;, curve
between Vertical and Horizontal Test for the both Crab Cavities.

Comparison of Q, between Vertical and Horizontal Test

1010_

e | SR PR | T R T Lt EORL R TP E

Vértlcal Test

LER Crab Cavity

10°L

Comparison of Q, between Vertical and Horizontal Test

HER Crab Cavity

* shows the target value in the operation.



RF Phase Stability

Phase in Beam Commissioning for HER Crab Cavity

Phase in Beam Commissioning for LER Crab Cavity
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* 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 deq for £ > 2 kHz, 0.1 deq for 2 Hz < f < 2 kliz.
* Backlash or friction exists in the coaxial tuner for the LER.



Finally two crab cavity was installed in KEKB
one for each ring in Janvary 2007

.-

g7y TN o oo

HER (e- 8 GeV) LER (et 2.9 GeV)



Crab Crossing Starfed at KEkbes

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-bheam 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.



Beam Current [A]
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o

HER Trip #

o

LER Trip #

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

Trip Statistics in Commissioning for HER & LER Crab Cavity
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Y. Yamamoto




Beams has indeed tilted!

- Observation with Streak Cameras (H. lkeda et al, FRPMN0325)

inside of

outside of
the rings

the rings

longitudinal

LER HER
< >

horizontal

9
NCP 2}")“‘?&

The streak camera

e
(RFefia)




LER Orbit Correction 4.882 mA : dp/pd  9.0621E-05

measured 02/19/2007 19:09:58
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Slgn Change in the Crab Angle H. Koiso
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Vcrab Scan (HER)
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Vertical Crabbing ?  Kolso
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iBump FB Target: Vertical Angle iBump FB Target: Vertical Angle

asymmetric more symmetric

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

anga/Waz



How to find out the vertical head-on condition
H. Koiso

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

asymmetric: cannot become symmetric: can become head-
head-on by vertical angle. on by the vertical angle

X-y coupling at the crab can LU L
affect the vertical crabbing also.




Specific Luminosity
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the highest
vertical beam-beam tune
shift was about 0.088.
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Specific Luminosity / bunch
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Table 1: Typical parameters for the crab crossing.
LER | HER
I B 80 84 cm
I B 0.59 | 0.65 cm
5 o ~ 8 ~ 6 mm
i i Current 60.9 33.3 mA
i Bunches 50
5 : : : : : : 2 o 120 140 pum
% TSI SETEET S SIS TS S GRS RN S 0; 13 1.3 pum
2 4 b 8 1 1.2 £ 0.115 | 0.111
& 0.108 | 0.088
Ibunch e+ X Ibunch e- [mAz] Luminosity 5.9 10%2cm ™ ?s ™1

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 /7 bunch was improved by about 15% more than the
geometric gain.

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



Issue 1: Too many tuning knobs?

Table 3: Tuning knobs for the crab crossing and their observables. Many depend only on the beam size o, at the
synchrotron radiation monitor (SRM), besides the luminosity L.

Knob

Observable

frequency: every

Relative beam offset IP

Relative beam angle IP

Global closed orbit

Beam offset at crab cavities[11]
Betatron tunes

Relative rf phase

Global couplig, dispersion, beta-beat
LER to HER crab voltage ratio

Rf phase of crab cavit

Vertical waist position

Local x-y couplings and dispersions at [P
Sextupole settings

X-y coupling parameter at the crab cavities
Crab kick voltage

Beam-beam kick measured by BPMs around the IP
BPMs around the IP

All ~ 450 BPMs

BPMs around the crab cavity

tunes of non-colliding pilot bunches

center of gravity of the vertex

orbit response to kicks & rf frequency

response in the hor. beam-beam kick. vs. crab rf phase
hor. kick vs. crab voltage response

L and o, at the SRM

L and o, at the SRM

L and lifetime

L and o, at the SRM

L and o, at the SRM

1 sec
1 sec
15 sec
1 sec
~ 20 sec
10 min.
~ 14 days
~ 7 days
~ 7 days
~1 day
~1 day each
~ 3 days
~ 3 days
~ 7 days

ol
NSO

NN— 1 =N NN

<]
QG’

Many knobs are deterwmined by scans only on the
luminosity, beam sizes, and the lifetime.

Scan is slow, each takes about 20 wminutes.

» Question in the multi-dimensional nonlinear optimization.



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

» Luminosity beam-beam Kick
2 5e+31 | | |
1.4mA,18nmx0.8mA,24nm 0.16 . e
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5e+30 | ] 0.04 | _
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0 50 100 150 200 0 50 100 150 200
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* 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 um, 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 enouqh7

3.5e+31 — T | |
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Luminosity per bunch (emZs1)
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L Accorqu to the simulation, the vertical smgle—
beawm emittance must be less than 17 to
achieve the high luminosity(above).

:+ Recent calibration of the size monitor with

“iSize” buwmp orbit shows the emittance ratio
was 14%/1.2% for LER/HER (right).

.2 at SRM [pm?]
S

Vertical emittance (nwm) K.Ohmi gom
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simvulation

20
Bump height’ [mm?’]

N. lida et al, TUPAN042



Issue 3: Svnchrofron—befafron resonance

LER Tune vs. Horizontal Eleam Size May'l? 23, 25
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The horizontal tune is set nearby the -

nd its

synchrotron sidebands.

At the resonance, the single beam

beam sizes blowup(left).

‘anomalous emittance’

The blowup depends on
setting (below).

This effect can be calculated by
" effect.
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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 ’rheé
synchrotron-betatron resonances, but a microwave single-bunch
instability was seen in the LER for Ib > 0.6 mA, so it was given up.

s The dynawic 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 :
i$ corrected. :



The crab cavities were successfully produced and installed at KEKE.

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

Single crab cavity schewe is working fine.
Effective head-on collision was achieved.

The crab crossing gave specific luminosity higher than the
geowetrical gain.

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

Needs wmore time to reach the high luminosity predicted by
simulations.





