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@EéE IR parameters in SuperKEKB

Large crossing angle and small beam size at IP
in the Nano-beam scheme

Very small vertical emittance 1s necessary.
Symbol LER HER Unit
Horizontal Emittance €4 392 4.6 nm
Horizontal Beta at IP Px* 32 25 cm
Horizontal Beam size at IP Ox 10.1 10.7 LM
Vertical Emittance Ey 8.64 12.9 pm
Vertical Beta at IP By* 270 300 Lm
Vertical Beam size at IP (jy* 48 62 nm
Bunch length O, 0 5 mm
Half crossing dx 41.5 mrad
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Nonlinear kick due to the sextupole is canceled by another sextupole in a pair.
Dynamic aperture can be enlarged.

Non-interleaved sextupole chromaticity correction
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KEKE Final Focus Quadrupoles

[ § 11 : QC2RE /

S

=ﬂi
\

= t—— R B I = T
A Y i -

i . i~ e ] e S ————
|L———;——_ =
~ 1P acwe ! TN\ ,
= | o aczrp | IRON
HER cancel coil consists of bs, bs, bs, bes.
aciP . Sextupole coill
Collar outer radius \ Beam plpe
- ' outer radus
' R 10
N (0, y0k e / Beamn pipe . acze
' nner radus aczp Yoke ouler radus R 44
Coll inner radus ~ ~ BB Yoke outer ra Collar outer fd,-us Beam pipe

R 18 (Yoke Inner radius)

Helium vessel '

: : Collar outer radus

inner radius (Yoke Inner radius)
R /70

Yoke ouler ad/us

Beam pipe
R 4 outer radius

Collar outer radus
(Yoke Iinner radius)

Coll /'ner radius Beam pipe
outer radius
R 4 R R 59.
Helium vessel Beam pppe Collar inner radius
inner radius inner radius 5 50 Beam pipe
o . Beam pipe Helium vessel nner radus
Col Inner radius nner radius inner radus

Heum vessel Permendur yOke Iron y0ke

inner raadius




Orbit in the vicinity of IP

leakage field
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Slice model of 1 cm thickness 1s used for the optics calculation for IR.

QCI1/QC2 oftset 1s adopted to control the orbit appropriately.

Each slice has Maxwellian fringe and up to b22 and as.




@EEE IR Design Features

@ The angle between Belle I Solenoid(1.5 T) and beam-axis 1s 41.5

mrad. Anti-solenoids are overlaid with QCI and QC2 to compensate
the Belle II solenoid field. The vertical emittance (about 1.5 pm) 1s
generated due to the solenoid fringe field. Skew coils and/or rotation
of QCI and QC2 are used to correct the X-Y coupling and vertical

dispersion between [P and the local chromaticity correction.
Many corrector coils are necessary.

® Dipole and skew dipole coils adjust a beam orbit and correct
dispersions in IR.

©® Skew quadrupole coils correct X-Y couplings.

@ HER cancel coils correct sextupole, octupole, decapole, and

dodecapole leakage field from QCIP(no iron yoke) in LER.

@ Octupole coils at QC1 and QC2 enlarge a transverse aperture.



@EEE Dynamic Aperture

@ Dynamic aperture 1s constrained by a small beta function:

6*2
g, < J A(pty)  A(W): universal function
7 (1 _I_ 2‘K‘L*2/3)L* Y K. Oide et al, Phys. Rev. E47 (1993)
SuperKEKB By* [um] K [m2] L* [m] Jy/A [um]
LER 270 -5.1 0.76 0.032 << 4.2 um
KEKB
HER 300 -3.1 1.22 0.018

® Natural chromaticity:

SuperKEKB KEKB (1999~2010)

LER HER LER HER
Ex0 -105 | -171 -72 -70
&yo -776 | -1081 | -123 | -124

©® Approximately §0 % of the natural chromaticity in the vertical
direction 1s induced 1n the Final Focus. A "local chromaticity correction"
1s adopted to correct it.



@EEE IR Optics in LER

X-LCC corrects QC2 chromaticity and Y-LCC corrects QC1 chromaticity locally.
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@EEE Optimization of Dynamic Aperture

® Chromaticity Correction (off-momentum matching)
© Twiss chromaticity at IP and RF cavities as well as tunes

® 54 sextupole magnet pairs (4 in LCC and 50 1n arc)

© Skew sextupoles (12 families in LER, 10 in HER)

@ Two octupole correctors (3 in LER)

©® Downhill-simplex optimization with lifetime evaluation
©® Particle tracking(6-dimensional) to find stable phase space.
@ Touschek lifetime 1s obtained from area of dynamic apertures.

@ Synchrotron oscillation 1s included (RF cavities ON).

12



@EEE Dynamic Aperture in LER

Touschek lifetime is obtained from average of two ellipses of dynamic apertures.

" Touschek Lifetime: 595.6 se¢ . ¢
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@E&E Dynamic Aperture in HER

Touschek lifetime is obtained from average of two ellipses of dynamic apertures.

Touschek Lifet

ime: 633.3 sec
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@E&E Tune Survey

Single-beam operation (no beam-beam effect)
Lighter color indicates larger dynamic aperture (only for on-momentum).
Nominal working point 1s .53 for the horizontal and .57 for the vertical direction.

(a) LER (b) HER
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@EEE Beam-Beam Effect for Large Horizontal Orbit

® The horizontal orbit(deviation from beam axis) is translated into the

longitudinal displacement in the nano-beam scheme.

X 20, X B0 =5+ 22

4 test particle | 4 Yy

Ax = 300,0 — Az = 3.6 mm

beam axis

—>

high vertical beta — 3,(Az) = 48 mm >> (B = 0.27 mm
Ay X H'Sb \/ﬁy(AZ) ~factor of 180

® Particles with a large horizontal orbit are kicked by beam-beam at high vertical
beta region if there 1s a vertical orbit. Consequently, the vertical betatron
oscillation increases due to the vertical beam-beam kick. The transverse

aperture decreased, which implies small dynamic aperture.
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KEKS Dynamic Aperture with Beam-Beam Effect
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ceKE LER Tune Survey with Beam-Beam Effect

A—

LER: w/o beam-beam LER: with beam-beam
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Dynamic Aperture with Beam-Beam and Ildeal CW

Stability of an initial amplitude in the horizontal and vertical plane.

# turns ~ Initial momentum deviation is zero.
N £ (=2 @ o . . .
s 2. 2 8 2 8 (synchrotron motion is included.)

with Beam-Beam

No Beam-Beam with Beam-Beam for ideal CW
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o B
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/ X/ O xo T X/ T o T
Injection
J 'l' aperture aperture apertu re
aperture imit limit limit
1

Ideal crab-waist 1s a map of feB — fow (+N) fBfow (—A) A\ =
)\ 2

few (A) 2 pe = Do+ 5Dy Y — Y — Apy

tan 20,
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Crab-Waist Optics in LER

sler_1689 cw2d.sad
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@EEE Transverse Aperture for Crab-Waist Scheme

Ax /o,

Initial momentum deviation
dp = Ap/py = 0 Eﬁ

without Beam-Beam with Beam-Beam
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Initial momentum deviation
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Stability of Crab-Waist Scheme

(10,0) Horizontal motion is stable.

(20/02sy0/y) = (5,0)

A 9 o P A B 9 Pl o ? i PP S R AN (P B AT

- Vertical motion depends on
crab-waist sextupole
for large horizontal
amplitude.

IKal [1/m2]
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@EEE Fourier Analysis

initial amplltude (70, y0) = (150%,0)

' Uy K2 = O [m-2]
573 Crab-Waist OFF

Amplitude

MR Kz =11 [m~] X-Y coupling (vx in y) is same even
. Crab-Waist ON 4 though increasing strength of crab-waist
LB ouf } sextupoles.
-
TElo O S e A A Vertical amplitude (vy in y) becomes
< ;00 Vo y < lar . . i
0,008 ger as increasing strength of crab
e — 2, waist sextupoles.

05 06 07 O 5.9 1 o4
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Fourier Analysis
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@EEE Fourier Analysis

Crab-Waist ON
0‘003""I""I""I""I"

Crab-Waist OFF

il | | |
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0. 0015}~ B

y-amplitude
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0.001

LR ~ °
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tune

The frequency near the vertical tune
becomes very complicated.
The amplitude becomes larger.

Initial horizontal amplitude
changes from 1 to 15 sigmas.
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@E&’E Summary

©® Dynamic Aperture for SuperKEKB 1s optimized and Touschek

lifetime of 600 sec has been accomplished without machine error and

beam-beam Interactions.

@ Dynamic aperture under influence beam-beam interactions will be
reduced in the nano-beam scheme. Especially, a particle with large
horizontal amplitude will receive a large beam-beam kick in the
vertical plane.

© Touschek litetime of ~200 sec has been achieved by changing

Working point and re-optimization procedures so far.

© The crab-waist scheme 1s one of solutions to cure the beam-beam
effect.

©® The crab-waist scheme has a big issue of nonlinearities between the
sextupoles. The nonlinearities comes from the FF. No way to alleviate
the nonlinear kick due to the sextupoles.
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@E&’E Summary

Constant dripping wears away the stone.

(Constant effort will result in success.)

willz@ath

e <kmnz
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Appendix




@EEE Nano-Beam Scheme

Luminosity formula:

T N N_
X Small ,%, small e, — High luminosit
o, Qba; ey BF )" By y g Y

~ X

T~ i > 0, = 0y @,  Long "bunch length" is OK.
3 x 1035 cm-2s- (effective) (6 mm x 41.5 mrad)

To avoid too large &, (dangerous),

Beam-Beam: / the ratio of f,* to &y should be small.
*
£ gt OX N Y The hourglass condition 1s modified:
N g e . o
=9 Y By > 0. = = ~ 250 pm
~ 0.09 (effective) x

N3
(Uz¢w)

Dynamic effects
~ 0.003 can be ignored.

o
' >

gw:: X
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2013/July/29

Number of bunches

Bunch Current
Circumference
Ex/ &y
Coupling
Bx / By*
Crossing angle

Xp

Vx/ Vy
Uo
Tx,y/Ts

Ex/ &y

Luminosity

Machine Parameters

LER HER unit
4.000 7.007 GeV
3.6 2.6 A
2,500
1.44 1.04 mA
3,016.315 m
3.2(1.9)/8.64(2.8) 4.6(4.4)/12.9(1.5) nm/pm (:zero current
0.27 0.28 includes beam-beam
32/0.27 25/0.30 mm
83 mrad
3.18x104 4.53x104
8.10(7.73)x10-4 6.37(6.30)x104 0:zero current
9.4 15.0 MV
6.0(5.0) 5(4.9) mm (:zero current
-0.0244 -0.0280
44.53/46.57 45.53/43.57
1.86 2.43 MeV
43.2/21.6 58.0/29.0 msec
0.0028/0.0881 0.0012/0.0807
8x103> cm—2s1
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KD Beam-Beam Effect
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