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Introduction

The KEKB storage rings, the LER (3.5 GeV, e™) and the HER
(8 GeV, e7), have been operated with 8;/8; = 0.01m/1m.

To achieve large dynamic apertures, the noninterleaved chro-
maticity correction scheme has been adopted. In each ring, 56
pairs of sextupole magnets connected with the pseudo —/ trans-
former are installed. In addition, only in the LER, two vertical
pairs are placed in the interaction region (IR) for the local chro-

maticity correction.
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It is important for the commissioning to measure optical func-
tions such as [-functions, dispersions and z-y couplings and to
correct them in the suitable way.

L

In the KEKB rings, most of beam position monitors (BPMs)
give only the average orbit in seconds. Therefore special methods
represented here have been devised to derive the optical function.
without turn-by-turn information.

Two kinds of knobs are utilized in the corrections:

(A) correction factors (fudge factors) for power supplies of quadru-
pole magnets, and

(B) local bumps at sextupole pairs.

All calculations have been done with SAD developed at KEK.



Measurement of 5 function

The [ functions can be measured by analyzing single-kick
orbits at two different source points (a and b). As it is well
known, an orbit at i-th BPM kicked by a steering at a is given
as

P, == \/B;cos (mv — | — Lal), (1)

7 sm %
and an alternate formula is

O .
Tiy = 7A/flg(z,a)(lJrcot'm/cot{m“A’-al)

=

F(i, 04, pa), (2)

where 6 is the kick angle, M, is the 12-element of the transfer
matrix, v is the betatron tune, and p is the betatron phase
advance. Assuming that M, and pu; can be replaced by the
model values, the kick angles (6,5 and 6,¢) and the betatron
phases (uqs and uys) are evaluated by minimizing a function

> > (miy — F(3, 055, 1i5))%, (:

j=ab 1

I
o

where z;; 15 the measured orbit.

Using the fitting results and Eq.(1), the ratio of 8 functions
at the kick points is estimated by

,Bbf T Qaf COS(’/TI/ — ‘ﬂi =5 uaf])
,Gaf LTia Qbf COS(TTI/ = “L,L' = ,LLbe

ave. (4)



Values B, and Oy are obtained respectively, assuming again
that the transfer matrix M;, between the kick points is given by

the model optics, 7.e.,

ey JARE - vhoif 1Y)
6bfﬁaf _ A/[12 ) (5)

where

A= litag = tg] (6)
Once Baf, Bos, Oag, Obf, tay and uyy are determined, the 8 func-
tion at each BPM is obtained as

P

B = (X7 + X} — 2X;a Xy cos Ap)/ sin® Ap (7,

where .
2sin v

(8)

Xia,b = Tjab :
9a,bf ﬁa,bf



In the KEKB operation, the 8 functions are measured by
two sets of kicks with Ap ~ 7/2, both in the Oho and the Nikko
straight sections, which are opposite regions to each other.

Usually 20 BPMs around the kicks are used in the fitting
procedure. Note that it is necessary to subtract contributions of
the dispersion at the kick point, if exists.

In most cases, residuals of the fitting were sufficiently small
and two measurements in Oho and Nikko agreed well each other
at all (~450) BPMs attached to quadrupole.

Only in the case of G, in the LER, however, the fitting some-
times did not converge enough and two measurements gave in-
consistent results.

It may be because of error fields induced by ”C-Yoke” perma-
nent magnets, which were attached in LER to cure the blowup
of the vertical beam size.



Correction of 8 function

We introduce fudge factors for power supplies of quadrupoles
to correct G functions.

However, 6 out of 7 power supplies of the quadrupoles in 2.57
unit cells are not changed to keep the pseudo —I transformation
between noninterleaved sextupoles and to keep the momentum
compaction factor constant.

For a series of quadrupoles connected to a single power sup-
ply, error of each magnet can not be corrected since its trim,
coils are only equipped with a small numbers of common powe:
supplies.

The magnitudes of the fudge factors are calculated with an-
alytic responses based on the model lattice. When two mea-
surements were consistent, the § functions were successfully cor-

rected to be AvVB/vBmoder < 0.1 and A¢ < 4° by iteration of a
few times.

After the corrections, the 0 functions at IR quadrupoles were
confirmed by measurements of the tune shift changing the strength
of each magnet.
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Correction of z-y coupling

The z-y couplings are measured by observing the vertical
leakage orbits associated with horizontal single-kick orbits.

Skew quadrupole components produced by symmetric verti-
cal bumps at SD sextupole pairs are used as correctors. Because
of the pseudo — I transformation between the noninterleaved sex-
tupoles, the symmetric bumps mainly produce the z-y coupling
with cancellation of the vertical dispersion.

On the other hand, asymmetric bumps are used in the dis-
persion correction discussed in the next section. Heights of the
bumps are calculated with analytic responses based on the model
lattice. _

Usually vertical leakage orbits by horizontal kicks of 50 p rad
at six different points (two in each of Oho, Nikko and Tsukuba)
were measured and were reduced to AYyms < 20pum. This method
corrects the z-y coupling globally, thus reduces the vertical emit-
tance.

The local coupling at the IP, however, should be measured
and corrected in other methods using special BPMs (OctoPos)
between the final quadrupoles (QCSs) and skew quadrupoles.
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Correction of dispersion

The vertical (horizontal) dispersions are corrected by asym-
metric bumps at SD(SF) pairs in the vertical (horizontal) plane.

Bump heights are calculated with responses obtained by sim-
ulations with the model lattice.

In most cases,' both Ang,ms and An, ,ms were corrected to
be less than 2 cm.

This global correction can not always reduce the vertical dis-
persion at IP. The present accuracy of An,p remains at the
insufficient level, < lmm.

More precise corrections will be critical.
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Table 1: Usage of sextupole bumps. (*) In the § correction, the
symmetric bumps at the SF sextupoles were used together with

the fudge factors, but sometimes ended in failure. The causes
are still under investigation.

sextupole | plane | symmetric | asymmetric
SD T x-y coupling An,
SF Y AB (%) Ay
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Summary

The global optical functions have been successfully corrected
with the three kinds of corrections in both rings. The local
bumps at the sextupoles are fully utilized in the corrections.

Although these corrections are, in principle, affected each
other, the interference among them are not so big. Thus the cor-
rections converge well in sequential repetitions of several times.

After the correction, the vertical-to-horizontal emittance ra-
tio was reduced to less than 1% in both rings, where the vertical
beam size was measured by the synchrotron light interferometer.

The corrections mensioned here are the global ones, so the-
optical functions at the IP should be corrected locally in more
dedicated ways.

Actually, the waist point of each ring needs to be searched by
readjusting the fudge factors of QCSs and/or QCls (the second

final-focusing quadrupoles only in the HER) every time after the
0 correction.

Practical methods for the local correction of the dispersion
and the z-y coupling are under development.

Efforts to identify true sources of machine imperfections should
also be continued.



CORRECTION OF OPTICAL FUNCTIONS IN THE KEKB RINGS

N. Akasaka, H. Koiso, Y. Ohnishi, K. Oide, and N. Yamamoto,
KEK, Oho, Tsukuba, Ibaraki 305-0801, Japan

Abstract

This paper describes methods of beam-optical corrections
in the KEKB storage rings.

1 INTRODUCTION

The KEKB storage rings[1], the LER (3.5 GeV, et) and
the HER (8 GeV, e™), have been operated with ﬁ;/ﬁ; =
0.01lm/1m(2]. To achieve large dynamic apertures, the
noninterleaved chromaticity correction scheme[1,3] has
been adopted. In each ring, 56 pairs of sextupole magnets
connected with the pseudo —I transformer are installed. In
addition, only in the LER, two vertical pairs are placed in
the interaction region (IR) for the local chromaticity cor-
rection. It is important for the commissioning to measure
optical functions such as 3-functions, dispersions and z-y
couplings and to correct them in the suitable way. In the
KEKB rings, most of beam position monitors (BPMs) give
only the average orbit in seconds. Therefore special meth-
ods represented here have been devised to derive the opti-
cal functions without turn-by-turn information. Two kinds
of knobs,

e correction factors (fudge factors) for power supplies of
quadrupole magnets, and

e local bumps at sextupole pairs,

are utilized in the corrections. All calculations have been
done with SAD[4] developed at KEK.

2 CORRECTION OF 3 FUNCTION

2.1 Measurement

The 3 functions can be measured by analyzing single-kick
orbits at two different source points (a and b). As it is well
known, an orbit at ¢-th BPM kicked by a steering at a is
given as

6. VP

2 L0 /B cos(my i — pal). (D
sin v

ia =
and an alternate formula is

Big = %A/[lg(i,a)(l—%-cot?rucotWi—,ua|)
= F(ivgavua)a (2)

where 0 is the kick angle, M» is the 12-element of the
transfer matrix, v is the betatron tune, and p is the betatron
phase advance. Assuming that M5 and p; can be replaced
by the model values, the kick angles (6, and 65) and the

betatron phases (p4 5 and pp) are evaluated by minimizing
a function

D0 (@i — Fi,655, 155))%, 3)

j=ab 1

where z;; is the measured orbit.
Using the fitting results and Eq.(1), the ratio of 3 func-
tions at the kick points is estimated by

@ =
V Baf (

Values (3, and (3, are obtained respectively, assuming
again that the transfer matrix M, between the kick points
is given by the model optics, i.e.,

Tib Oag cOS(TV — |phi — flag|)
Tiq Obs cos(mv — |pi — pog|)

>aven (4)

sin Ap
V BosBas = ) ()
Pl T Mg
where
Ap = |paf — posl - ©)

Once Baf, Bof, Oags Obf, fay and sy s are determined, the 3
function at each BPM is obtained as

Bi = (X2 + X% — 2X;u Xipcos Ap)/sin® Ay (7)

where

. 2sin v
Xiah = Tiab

—_— 8
Oa,bf\/Babs =

In the KEKB operation, the [ functions are measured by
two sets of kicks with Ay ~ /2, both in the Oho and the
Nikko straight sections, which are opposite regions to each
other. Usually 20 BPMs around the kicks are used in the fit-
ting procedure of Eq.(3). Note that it is necessary to subtract
contributions of the dispersion at the kick point, if exists.

In most cases, residuals of the fitting were sufficiently
small and two measurements in Oho and Nikko agreed well
each other at all (~450) BPMs attached to quadrupoles.
Only in the case of 3, in the LER, however, the fitting
sometimes did not converge enough and two measurements
gave inconsistent results. It may be because there are large
horizontal dispersions at kick points in addition that the hor-
izontal tune (0.52) is very close to the half-integer.

2.2 Correction

We introduce fudge factors for power supplies of
quadrupoles to correct 3 functions. (The usage of the
local bumps will be mentioned later.) However, 6 out of 7
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Figure 1: An example of the [ correction in the LER, be-
fore (upper) and after (lower) the correction. Each of which
shows the betatron phase difference A, the ratio of v/f3,
the measured /3, and the design /f3, from top to bottom.
The solid (dashed) lines show the vertical (horizontal) data.
The IP is located at s = 0.

Figure 2: An example of fudge factors in the LER.

power supplies of the quadrupoles in 2.57 unit cells are not
changed to keep the pseudo —/ transformation between
noninterleaved sextupoles and to keep the momentum
compaction factor constant. For a series of quadrupoles
connected to a single power supply, error of each magnet
can not be corrected since its trim coils are only equipped
with a small numbers of common power supplies.

The magnitudes of the fudge factors are calculated with
analytic responses based on the model lattice. When two
measurements were consistent, the 4 functions were suc-
cessfully corrected to be Av/B/v/Brmoder < 0.1 and A¢ <
4° by iteration of a few times, as shown in Fig.1. Af-
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Figure 3: An example of the z-y coupling correction in the
LER, before (upper) and after (lower) the correction. The
top graph shows bumps required for the correction. Ay, s
reduced from 55 to 12 pym.

ter the corrections, the 3 functions at IR quadrupoles were
confirmed by measurements of the tune shift changing the
strength of each magnet.

3 CORRECTION OF X-Y COUPLING

The x-y couplings are measured by observing the vertical
leakage orbits associated with horizontal single-kick orbits.
Skew quadrupole components produced by symmetric ver-
tical bumps at SD sextupole pairs are used as correctors.
Because of the pseudo —I transformation between the non-
interleaved sextupoles, the symmetric bumps mainly pro-
duce the z-y coupling with cancellation of the vertical dis-
persion. On the other hand, asymmetric bumps are used
in the dispersion correction discussed in the next section.
Heights of the bumps are calculated with analytic responses
based on the model lattice.

Usually vertical leakage orbits by horizontal kicks of 50
 rad at six different points (two in each of Oho, Nikko and
Tsukuba) were measured and were reduced to AYyrms <
20pm. This method corrects the z-y coupling globally,
thus reduces the vertical emittance. The local coupling at
the IP, however, should be measured and corrected in other



methods using special BPMs (OctoPos([5]) between the fi-
nal quadrupoles (QCSs) and skew quadrupoles.
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Figure 4: An example of the dispersion correction in the
LER, before (upper) and after (below) the correction. The
top graph shows the local bumps required for the correction.
ANy rms (AN rms) reduced from 0.135 (0.055) to 0.019
(0.019) m.

4 CORRECTION OF DISPERSION

The vertical (horizontal) dispersions are corrected by asym-
metric bumps at SD(SF) pairs in the vertical (horizontal)
plane. Bump heights are calculated with responses obtained
by simulations with the model lattice. In most cases, both
ANy rms and Any ms Were corrected to be less than 2 cm.
This global correction can not always reduce the vertical
dispersion at IP. The present accuracy of A, ;p remains
at the insufficient level, > 1mm. For more accurate correc-
tion, precise measurements using OctoPos will be critical.

S SUMMARY

The global optical functions have been successfully cor-
rected with the three kinds of corrections in both rings. The
local bumps at the sextupoles are fully utilized as summa-
rized in Table 1. Although these corrections are, in princi-
ple, affected each other, the interference among them are

not so big. Thus the corrections converge well in sequen-
tial repetitions of several times. After the correction, the
vertical-to-horizontal emittance ratio was reduced to less
than 1% in both rings, where the vertical beam size was
measured by the synchrotron light interferometer[6].

Table 1: Usage of sextupole bumps. (*) In the 3 correc-
tion, the symmetric bumps at the SF sextupoles were used
together with the fudge factors, but sometimes ended in fail-
ure. The causes are still under investigation.

sextupole | plane | symmetric | asymmetric
SD T x-y coupling Any
SF y AB (%) Ay
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Figure 5: An example of the orbit of the LER after the cor-
rection.

The corrections described here are the global ones, so
the optical functions at the TP should be corrected locally
in more dedicated ways. Actually, the waist point of each
ring needs to be searched by readjusting the fudge factors of
QCSs and/or QC1s (the second final-focusing quadrupoles
only in the HER) every time after the /3 correction. As for
the local correction of the dispersion and the -y coupling,
simulation studies have been done[7] and practical methods
are under development. Efforts to identify true sources of
machine imperfections should also be continued.

The authors thank all the members of the KEKB acceler-
ator group, machine operators and the Belle Collaboration
for supporting the commissioning.
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