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Abstract

Beam-beam effects observed at the KEKB are reviewed.
We discuss the beam-beam performance, a bunch spacing
problem, dynamic betaand emittance effectsand aluminos-
ity instability related to a horizontal orbit offset at the IP.

1 INTRODUCTION

This report summarizes recent observations on the beam-
beam effects at the KEKB. Since some tuning techniques
such asthe beam-beam scan, an waist scan, an | P orbit feed-
back system etc. weredealt within other reportg[1][2], they
are omitted from this report.

The beam-beam performance is closely related to choice
of other machine parameters. Before describing the beam-
beam performance, we briefly review the basic parameters
of the KEKB. Table 1 shows a parameter list of the KEKB
at the record peak luminosity. Thistabletells some charac-
teristic features of the KEKB.

The present KEKB is filled with beams at every 4th RF
bucket. In the design[3], the number of bunches was as-
sumed to be around 5000 which meansthat every RF bucket
is filled with particles (except for some abort gap). In the
present KEKB, the specific luminosity is decreased when
the number of bunches isincreased from the every 4th RF
bucket case by reducing bunch spacing. The 5 RF bucket
spacing pattern isinhibited at the KEKB, since this pattern
induces a heating problem of the |P chamber. Although we
onece tried 6 bucket spacing, we could not get higher spe-
cific luminosity than with 4 bucket spacing. Therefore, 4
RF bucket spacing (~8nsec) isthe best choice at the present
KEKB. The other parameters are chosen under this restric-
tion of bunch spacing.

It is notable that the bunch currents of the present KEKB
are much higher compared with the design values partic-
ularly in the HER (high energy ring). Thisis also a con-
sequence of the bunch spacing restriction. To compensate
this unusually high bunch current to some extent, the hori-
zontal emittance of the HER is enlarged compared with the
design. On the other hand, the LER bunch current is not
so high as the HER. Until very recent operations, the lu-
minosity did not increase with a higher LER beam current
than some threshold current. It is believed that this lumi-
nosity saturation with the LER beam current arose from the
beam blowup due to the electron cloud. In this situation,
the LER beam current was limited by the electron cloud in-
stability in the sense that the luminosity did not increase
with a higher LER beam current. However, as a result of
cumulative installations of solenoid windings in the LER,

the single beam blowup from the electron cloud is not vis-
ible with the present maximum beam current. The scrub-
bing effect of the chamber wall also possibly contributed to
suppress the blowup. The present beam current limitation
comes from a heating problem in the IR region.

The horizontal and vertical betafunctions at the |P have
been determined empirically based on maximum luminos-
ity. Thevertical betafunctions are much lower than the de-
sign values.

Another feature of the KEKB is that working points are
very close to the half integer resonance as is seen in the
table. Asis described later, these horizontal tunes make
the horizontal emittance large and the horizonal beta func-
tions small to alarge extent. This large emittance compen-
sates the large bunch currents and contributes to stabilize
the beams against the beam-beam effect. Asisseeninthe
table, both of the horizontal and vertical tunes of the both
rings are located above the half integer resonance, while
the vertical tunes are above the integer resonance in the de-
sign. Inthe early days of the KEKB, the vertical tuneswere
above the integer resonance. In February 2001, the verti-
cal tunes moved to above the half integer based on results
of new beam-beam simulations. This change of the tunes
brought some increase of the luminosity.

2 SPECIFICLUMINOSITY AND
BEAM-BEAM PARAMETERS

To assess beam-beam performance, a common way is to
record the specific luminosity and the beam-beam parame-
ters. In the following, these parameters are discussed. One
thing that one should note here is that these parameters
do not necessarily describe only beam-beam performance.
They could be affected by other beam blowup mechanisms
such as the electron cloud instability.

In Fig. 1,2,3 and 4, the specific luminosity per bunchis
shown as function of a square root of abunch current prod-
uct and an LER total beam current. The specific luminos-
ity (per bunch) is defined by a peak luminosity divided by
a number of bunches and also divided by a bunch current
product of the two beams. The specific luminosity should
be constant, if the beam sizes do not change.

The dlopesin the figures mean that the sizes continuously
shrink as the beam currents decrease in the course of the
fills. The figures show comparisons of the specific lumi-
nosity with 3 RF bucket spacing to that with 4 RF bucket
spacing. Thedatain Fig. 1 and 2 wastaken before the sum-
mer shutdown in 2001 and that in Fig. 3 and 4 was after the
shutdown. During the shutdown, additional solenoid coils



LER HER
18 24
o (m) (18) (18)
/8" (m) 0.59/0.0062 0.63/0.007
/7y (0.33/0.010) (0.33/0.010)
bunch current 1393 869
(mA) (2600) (1100)
# of bunches (é(l)gg)
bunch current 114 0.71
(MA) (0.52) (0.22)
bunch spacing 8
(nsec) 2
bunch length 5.3@6.6 55@12.0
(mm@MV) (calculation) (calculation)
0.078/0.049 0.074/0.043
/&y (0.039/0.052) | (0.039/0.052)
45.513/43.566 44.514/41.580
Va/Vy (45.52/44.08) | (44.52/42.08)
Lifetime
(min@mA) 98@1393 276@869
Luminosity 7.25 x 1033
(/cm? /sec) (1.0 x 10%%)

Table 1. Present performance compared with the design.
(Valuesin parentheses are the design values.)
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Figure 1. A specific luminosity as function of asquare root
of thebunch current product. The datawastaken on July 11
and 12 in 2001 (before the summer shutdown). The green
and red dots denote the data with 4 bucket spacing and 3
bucket spacing, respectively.

of about 800m in total were installed in LER. In Fig. 1,
the specific luminosity with 3 bucket spacing ismuch lower
than that with 4 bucket spacing. If the beam blowup isin-
duced purely by the beam-beam effect, the two curves in
this graph should overlap. Therefore, the different behav-
ior of the two curves indicates that a beam blowup mech-
anism other than the beam-beam effect plays a part in the
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Figure2: A specific luminosity asfunction of the LER total
beam current. The datais the same as that of Fig. 1.
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Figure 3: A specific luminosity as function of a square root
of the bunch current product. The data was taken on Nov.
9 and 10 in 2001 (after the summer shutdown).

blowup. Since the beam blowup is usually observed in the
vertical direction of the LER beam, the electron cloud insta-
bility is the first candidate for this mechanism. However,
even below the threshold beam current of this instability,
the specific luminosity with 3 bucket spacing is much lower
than that with 4 bucket spacing. Therefore, we can not at-
tribute this difference to the electron cloud instability alone.
We might have to consider a synergistic effect of the beam-
beam effect and the electron cloud instability. Recently, E.
A. Perevedentsev et a. and K. Ohmi independently pro-
posed amodel inwhich acoherent beam-beam instability of
the head-tail type could beinduced by the beam-beam effect
combined with some ring impedance [5] [6]. This model
might be applicable to the present case by considering the
electron cloud as the impedance source. After addition of
solenoid coils during the summer shutdown in 2001, the sit-
uation changed. Asisseenin Fig. 3 and 4, the specific lu-
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Figure4: A specific luminosity asfunction of the LER total
beam current. The dataisthe same as that of Fig. 3.
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Figure 5: A comparison of specific luminosities with three
different fill patterns. The data was taken on November 29
2000. The horizontal axisis abunch current product of the
two beams. The vertical axisisthe sameasFig. 1 ~ 4.

minosity with 3 bucket spacing ismuch improved, although
the improvement with 4 bucket spacing is small.

Another possible explanation of the luminosity degrada-
tion with shorter bunch spacingisharmful effects of the par-
asitic collision. Since the KEKB has arelatively large hor-
izontal crossing angle of +£11mrad, its effects have been
believed to be small. However, to examine its effects ex-
permentally, we made an experiment with missing partner
bunches in December 2000. In the experiment, we com-
pared three types of fill patterns.

e (1000) pattern; usual 4 bucket spacing
e (100) pattern; 3 bucket spacing
e (1100) pattern

Here, 1" meansthat this RF bucket isfilled with abeam
and "0" means a vacant RF bucket. These pattersn are re-

HE Y T | B 150 |
HERy 1 ¥i0-L 07y |00
(P H-L Y 11|

.

B gy gearaT
l&ﬂ’! T
=49
s

e e per e e s

e D e AT

Figure 6: A comparison of the specific luminosity of thefill
patterns with missing partner bunches to that of the usual 4
bucket spacing pattern.
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Figure 7: A comparison of specific luminosity of the pat-
tern with missing partner bunches to that of the 24 bucket
spacing case.

peated all around the ring (except for some beam gap). The
(1100) pattern means that we added one more bunch next
to abunch of the usual (1000) pattern. Therefore, the num-
ber of bunches was doubled. We observed that the spe-
cific luminosity with the (1100) pattern is much lower than
that with the usual (1000) pattern. In Fig. 5, a compar-
ison of the specific luminosity with the three fill patterns
is shown. To investigate the effect of the parasitic colli-
sion, we tried two pattern i) (1000-LER)-(1100-HER) and
ii) (1100-LER)-(1000-HER). Asis seen in Fig. 6, we did
not see any degradation of specific luminosity, with the fill
patterni). With thefill patternii), we observed some degra-
dation. However, this degradation can be explained by the
effect of theelectron cloud. To confirm thisexplanation, we
conducted another measurement. In this measurement, we
tried afill pattern of (1120000000000000000000000)-HER
(011000000000000000000000)-LER. Due to the long gap
of 23 buckets, the effect of the electron cloud was almost



Figure 8: A current dependence of the specific luminosity
with different bunch spacing of 4 bucket (red) and 24 bucket
(green). The specific luminosity in this figure is somewhat
lower than that in Fig. 1 and 2. Thisis because these data
sets are a bit old and there was some luminosity improve-
ment after these data sets had been taken. These two data
sets were taken in the same day (March 10 2001).
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Figure 9: A comparison of the measured specific luminos-
ity with 24 bucket bunch spacing to that from the the beam-
beam simulation using a strong-strong code.

negligible. We compared the specific luminosity with this
pattern to that with usual 24 bucket spacing. Asis shown
in Fig. 7, the specific luminosity with this pattern is almost
the same as that with the 24 bucket spacing pattern. From
these observations, we concluded that the parasitic collision
gives no effect on the specific luminosity.

A more fundamental question is that the origin of the
steep slopes of the curves in Fig. 1, 2, 3 and 4. Since

the continuous beam blowup during thefill seems quite un-
usua compared with conventiona colliders, the origin of
these beam size enlargements hasbeen controversial. There
has been some doubt that the beam blowup comes not from
the beam-beam effect but from the electron cloud instabil-
ity. This doubt seemed to be supported by an observation
that the beam blowup is mainly observed in the vertical
direction of the LER. To distinguish these two effects, an
experiment with longer bunch spacing of 24 RF buckets
was done. With this bunch spacing, the effects of the elec-
tron cloud should be much smaller. In this experiment, we
observed the luminosity with beam currents lower than in
usua physics operations. Theresultisshownin Fig. 8. As
shown in the figure, the specific luminosity with 24 bucket
spacing is almost the same as that with 4 bucket spacing.
Thisresult indicates that the beam blowup in the beam cur-
rent region of the usual physics run is originated not from
the electron cloud instability but from the beam-beam ef-
fect. This explanation is also supported by a beam-beam
simulation. In Fig. 9, aresult of the beam-beam simulation
by using a strong-strong simulation code[4] is also shown.
Although a quantitative agreement between the simulation
and the experiment is not so good, the simulation repro-
duces the tendency of the beam current dependence of the
specific luminosity. Fig. 9 also shows that the specific lu-
minosity does not become constant even at avery low beam
current and thisis also supported by the simulation. Asfor
the reason of the strong current dependence of the specific
luminosity, we suspected that it may come from the cross-
ing angle. However, even when we temporarily turned off
the crossing angle in the simulation, the current dependent
was il there. After that we suspected that the horizontal
tune closeto the half integer resonance may bring the strong
current dependence. However, the simulation result did not
change very much with tunes which are off from the reso-
nance. Therefore, we have not yet understood the origin of
the strong current dependence of the specific luminosity.

There still remains one more question. The above con-
clusion is that the main mechanism of the beam blowup
with 4 bucket spacing isthe beam-beam effect. On the other
hand, with 3 bucket spacing, another mechanism (or the
synergistic effect) plays some role. These two conclusions
seem somewhat contradictory. Thisquestionisstill contro-
versia.

The beam-beam parameters are commonly used asan in-
dex of beam-beam performance. The beam-beam param-
eters at the record peak luminosity are also shown in Ta
ble 1. The horizontal beam-beam parameters are calcu-
lated with the design emittance, since no serious horizon-
tal blowup is observed. Asis described below, due to the
large dynamic emittance effect, the actual horizonta tune
shifts are much smaller than the beam-beam parametersin
the table. The vertical beam-beam parameters are calcu-
lated from the measured luminosity on the assumption that
the vertical beam sizes of the two beams are equal. We be-
lieve that this assumption is more or less valid, since we
rely on the beam size feedback system [7] for maximizing



the luminosity in the usual operation. The"hourglass’ ef-
fect from afinite bunch length and degradation of the beam-
beam parameters due to afinite crossing angle are also con-
sidered. Asfor thebunchlength, 7mmisassumed. Thever-
tical beam-beam parameter of the HER is somewhat lower
than the design. With higher LER beam current, itismaybe
possible that the vertical beam-beam parameter reaches the
design value of 0.05.
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Figure 10: The dynamic beta and emittance as function of
the beam-beam parameter calculated using the SAD code.
The fractional part of the betatron tuneis 0.51.
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Figure 11: The size change as function of the beam-beam
parameter using the beta function and emittancein Fig. 10.

3 DYNAMIC BETA AND EMITTANCE
EFFECT

3.1 Analytic calculations

It is commonly known that the calculation of the dynamic
beta effect is done by using a simple one-turn transfer ma-
trix. For the sake of completeness of the description and
convenience of the reference, the method is summarized in
the following.

Assuming @ = 0, atwo-dimensional one-turn transfer
matrix without the beam-beam kick is expressed as
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Figure 12: A beam size of one beam as function of that of
the other beam. The crossing point gives consistent beam
sizes from the dynamic beta and emittance effect.

A half of the beam-beam kick in the thin lense approxi-
mation is given by
1 0
B= .
(—2%- 1)

Here, f isthefocal length of the beam-beam kick. Then,
aone-turn transfer matrix including the beam-beam kick is
given by

( cos(po + Apn)

Bsin(po + Ap) )
. — BM,B.
—ysin(po + Ap) 0

(1o + Ap)

From this equation, the following formula are obtained,

cos(up + Ap) = cospg — g—;sinuo

and
B sinpo

B sin(uo + Ap)’
Since the beam-beam parameter is expressed as

_ Bo
§ - 47Tf,
the dynamic betafunction is obtained with these formulaas
function of the beam-beam parameters.

3.2 Calculations by using SAD code

The dynamic beta effect can be calculated analytically.
When the beta function is changed seriously dueto this ef-
fect, however, the emittance is also changed. To predict
the beam size, we need to know both of these two. For
the calculation of the emittance including the beam-beam
effects, the SAD code was used, although there is an ana-
Iytical method which gives approximate values of the emit-
tance. Fig. 10 shows a cal culated beta function and a emit-
tance as function of the horizontal beam-beam parameter.
Also shownin Fig. 10 isan analytic calculation of the dy-
namic beta effect (solid line). These calculations still use
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the IP does not change very much asisshowninFig. 11. In
an actual situation of the machine, both beams are affected
by the other beam. If thebeam size of onebeamisgiven, the
focusing force by thisbeam isfixed and the size of the other
beamissettled, and viceversa. Therefore, stablebeam sizes
are obtained by solving these two equations with two un-
known parameters (two beam sizes). A solution of these
two eguations was obtained numerically by using the SAD
code asisshownin Fig. 12. In Fig. 12, the two equations
are depicted by the two lines and the solution is shown as
their crossing point. Parameters which was determined by
this calculation are summarized in Table 2. Since the hor-
izontal tune is very close to the half integer resonance, the
dynamic beta and emittance effect is very large.

Figure 13: Results of tune surveys by using a strong-strong
tracking program. The luminosity in the figure is that of a
pair of bunches in unit of 103° /cm? /sec. In the tracking,
an effect of afinite bunch length was taken into account by
dlicing the bunchesin the longitudinal direction. The num-
ber of sliceswas 5. The tunes of the HER were kept con-
stant at (v,v,) = (.5250,.1350). The scan range of the LER
vertical tune was above the integer resonance.

the thin lense approximation and does not include an effect
of the finite bunch length nor the crossing angle. In princi-
ple, it is possible to include these effects in the calculation.
These calculations will be done in near future.

0.66

w/o beam-beam | w/ beam-beam
0.(LER) 103pm T9pum
0. (HER) 123pm 94pm
G:(LER) 0.59m 0.10m
3:(HER) 0.63m 0.21m

Table 2: Beam sizes and beta functions at the P with and
without the dynamic beta and emittance effect.

3.3 Beam-beam tune shift

The emittance with the beam-beam force is enlarged. If
thiseffect istaken into account, the (horizontal) beam-beam
tune shifts drastically decrease. In Table 3, the beam-beam
tune shifts in which the emittance enlargement is included
are shown together with those without considering the ef-
fects. Asisexpected, the horizontal beam-beam tune shifts
decrease very much. This decrease seems to explain why
the unusually high (horizontal) beam-beam parameters are
attainable in the KEKB.

w/0 beam-beam

w/ beam-beam

£ /€y (LER)

0.069/0.053
0.048/0.030

0.017/0.052
0.018/0.029

0.52

0.53

LER

X

Figure 14: Results of the tune survey. The machine param-
eters are the same as Fig. 13 except that the HER tune is
set at (v5,v) = (.5136,.6344) and that the scan range of the
LER vertical tune was above the half integer resonance. A
luminosity peak near the third integer resonance of the ver-
tical tuneis seen. Although we tried this tune region, we
could not obtain higher luminosity than the present work-
ing point. It turned out that this luminosity peak in the sim-
ulation can easily disappear with small errors such asa 0.1
mrad vertical crossing angle.

Asisseenin Fig. 10, while the beta function at the IP
shrinks drastically due to the beam-beam kick, the emit-
tanceincreasesto alarge extent. Therefore, thebeam size at

£ /€y (HER)

Table 3: Comparison of beam-beam tune shifts with and
without the dynamic beta and emittance effect.

4 TUNE SURVEY

It is commonly known that the beam-beam performance
is strongly dependent on choice of working points. The
KEKB is not an exception. Since the design phase of the
KEKB, an enormous amount of efforts have been devoted
to searches for better working points in both simulations
and searches in the real machine. In the design phase, a
large scale of simulations with a strong-strong code were
not realistic due to restriction of computing power. The de-
sign tunes were determined by using astrong-weak simula-
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Figure 15: A horizontal offset scan with low beam currents
in the backward direction (from plusto minus). The experi-
ment was done on March 9 2001. The LER and HER beam
currents were about 57 and 72 mA, respectively. The num-
ber of buncheswas 1153. With theselow beam currents, ac-
curacy of the beam size measurement is not so good. The
red and blue dots show horizontal or vertical beam sizes of
the LER and the HER, respectively.

tion code[3]. Although there was no significant difference
between just above the integer resonance and just above
the half integer resonance as for the vertical tune, the ver-
tical tune just above the integer was chosen for the design
tune for the purpose of avoiding effects of the x-y coupling.
Recent quickly developing computing power has enabled
us to make a tune survey with a strong-strong code, al-
though the survey is still atime-consuming task even today.
Recent beam-beam simulations by using the strong-strong
code predicted that the vertical tunejust abovethe half inte-
ger gives higher luminosity than that above the integer[8].
A comparison of the simulated luminosity with these two
tune regions is shown in Fig. 13 and 14. As seen in the
figure, the tune above the half integer gives a higher lumi-
nosity. Guided by this prediction, we changed the vertical
tunes of both rings from just above the integer to just above
the half integer in February 2001. This changein tunes has
brought not only some increase of the luminosity but also
more stability of the machine operation through more sta-
ble beam orbits. The tunes shown in Table 1 were obtained
by atrial and error method in a long-term machine opera-
tion.

5 LUMINOSITY INSTABILITY

The luminosity of the KEKB is very sensitive to the hori-
zontal offset at the IP. To keep the luminosity high, machine
operators have to tune the offset very carefully during the
operation.

There are some notable observations on the behavior of
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Figure 16: A horizontal offset scan with the low beam cur-
rentsin the forward direction.
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Figure 17: A horizontal offset scan with high beam currents
in the forward direction. The LER and HER beam currents
were about 700 and 580 mA, respectively. The number of
bunches was 1153.

the beams to the horizontal offset.

e A zero offset usually does not give the maximum lu-
minosity and an intentional offset can increase the lu-
minosity. At some optimum value of the offset, the lu-
minosity becomes maximum.

e When the offset exceeds some limit, the luminosity
dropsdrastically. At thisdrop, the LER (horizontal or
vertical) blowup is observed.

o Theoptimum value of the horizontal offset dependson
the beam current.

e Theluminosity showssome hysteresisbehavior for the
change of the horizontal offset.
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Figure 18: A horizontal offset scan with the high beam cur-
rentsin the backward direction.
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Figure 19: An example of an unstable fill. In the KEKB,
there are two different types of luminosity monitors. The
red and blue lines show the beam sizes or the beam currents
of the LER and the HER, respectively.

To demonstrate these features, aresult of an experiment
isshowninFig. 15,16,17 and 18. Asisseen in thefigures,
the luminosity shows apeak at around zero offset with low
beam currents (Fig. 15 and 16). With high beam currents,
however, some intentional offset value gives a luminosity
peak and an optimum value of the offset depends on the di-
rection of thescan (Fig. 17 and 18). At the peak luminosity,
thevertical beam sizesof thetwo beamsare small, whilethe

L uminosity (1030/cm?/sec)
-

Figure 20: An example of agood fill.

HER horizontal beam size becomes large in these scans.

In the usual operation, KEKB operators tune the hori-
zontal offset very carefully to maximize luminosity. When
the choice of the offset value is incorrect, the luminosity
dropsasisseenin Fig. 19. When the luminosity drops, the
horizontal (and/or vertical) beam blowup of the LER is ob-
served. Thefill showninFig. 19wason March 21 2001 and
somewhat old. In the present KEKB, the horizontal beam
size is relatively stable and the vertical blowup is seen on
the occasion of the luminosity instability. When the choice
of the offset is correct, no luminosity instability is seen dur-
ing afill asisshownin Fig. 20.

Theorigin of thisluminosity instability and the sensitive-
ness of the luminosity to the horizontal offset has not been
understood yet. Recently, F. Zimmermann found different
solutions for the beam sizes concerning the dynamic beta
and emittance [9]. This might have some connection to the
present observations.
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