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Abstract

This paper presents an overview of the operational status
of B- and Φ-factories, and discusses their present luminos-
ity performance and limitations. It also presents upgrade
plans, new ideas, R&D and machine experiments in view
of the next generation of meson factories with ∼100-times
more luminosity.

INTRODUCTION

Recent high-luminosity e+e− colliders, providing par-
ticular particles such as B, τ -charm or φ mesons at a very
high rate of production, are called “factories”. In the last
30 years the peak luminosity of e+e− colliders in the
world has increased on average by a factor 20 every 10
years. CESR had been operating at the world highest lu-
minosity for many years until 2000, and reached above
1033 /cm2/sec. In 2003 it was converted to CESR-c by
lowering its energy from the Υ resonances to the τ -charm
region. Two asymmetric energy double-ring B-factories,
KEKB and PEP-II, were commissioned in 1998. The two
B-factories are operating well above 1034 /cm2/sec, and an
integrated luminosity of 1 fb−1 is accumulated in one day.
The only Φ-factory, DAΦNE, has been delivering luminos-
ity to three experimental detectors at two interaction points.
It has reached a peak luminosity of 1.53×1032 /cm2/sec.
Two other factories are under construction, and will be
commissioned soon. One is BEPC-II, which is a τ -charm
factory with a target luminosity of 1033 /cm2/sec; the other
is VEPP-2000, which is a unique round beam collider.

As a result of successful operation of KEKB, PEP-II and
DAΦNE, extended upgrades of them to next-generation
factories are being investigated, aiming at nearly two orders
of magnitude higher luminosity than the present factories.
Fig. 1 shows the luminosity and energy of e+e− collid-
ers, including those under construction or being planned.
In this paper we mainly discuss the operation status of the
factories, KEKB, PEP-II and DAΦNE, their performance
limitation and measures as well as next-generation Super-
factories.

REQUIREMENTS AND CHALLENGES

From the standard expression of luminosity for a flat
beam, short bunch collider, a common path for those facto-
ries to realize high luminosity is to have: (1) a large beam-
beam parameter, ξy , (2) a small β∗y , and (3) high beam cur-
rents, I±, with many bunches, Nb. In addition, (4) a short
bunch length of σz ≤ β∗y is needed to avoid the hourglass
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Figure 1: Luminosity and energy of e+e− colliders.

effect due to the small β∗y . The higher is the luminosity,
the more stringent are the demands placed to achieve these
parameters, which require big challenges in various aspects
of accelerator physics and technology.

To obtain a large beam-beam parameter, ξy , with a small
β∗y , high performance of the beam optics and precise con-
trol of the linear optics and orbits as well as the opti-
mum collision conditions are vital. A sufficiently long life-
time should be maintained by a wide dynamic aperture. It
should be noted that many of these conditions are more
stringent for a lower energy beam. Wigger magnets are
usually needed to increase the radiation damping rate while
controlling the horizontal emittance and the energy spread.
Furthermore, a lower beam energy results in a lower lumi-
nosity at the same values of ξy , β∗y and I±. On the other
hand, the annihilation production cross section in e+e−

collisions scales with the energy Eb as 1/E2
b .

Besides single bunch instabilities, a high beam cur-
rent, I±, with many bunches gives rise to a high growth
rate of coupled-bunch instabilities due to conventional
impedances ∝ I± as well as of two-stream type instabil-
ities due to an electron cloud or fast ions. A high beam
current with a short bunch length, σz , gives rise to a large
HOM power ∝ I2

±/Nb/f(σz). In addition, coherent syn-
chrotron radiation (CSR), which has not addressed perfor-
mance limitations to the present factories, will be a serious
concern for Super-factories [1]. Large AC plug power is
needed to provide the beam to compensate for the losses
due to synchrotron radiation ∝ I± and the HOM power.
These issues require big challenges in many aspects, in-
cluding heavily HOM-damped cavities with a stable high-
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Table 1: Main parameters of high-luminosity e+e− meson factories presently in operation or under construction.

CESR DAΦNE PEP-II KEKB BEPC-II† VEPP2000†

Commissioning year 1979 1998 1998 1998 (2006) (2006)
Present status running†† running running running construct construct
Physics B Φ B (asym. ) B (asym. ) τ -c Φ
Ring single double LER HER LER HER double single
Particles e+ + e− e+ e− e+ e− e+ e− e+ e− e+ + e−

Beam energy [GeV] 4.7∼6.0 0.51 0.51 3.1 9.0 3.5 8.0 1.0∼2.1 1.0
Circumference [m] 768.43 97.69 2200 3016 237.53 24.38
Harmonic number 1281 120 3492 5120 396 14
RF frequency [MHz] 499.765 368.26 476 508.89 499.8 172.09
RF voltage, operating [MV] 5 0.15 0.12 4.04 15.5 8.0 15.0 1.5 1.5 0.12
Cavity type SC NC NC NC+SC SC NC
Crossing angle [mrad] ±2.5∼3.3 ±10∼15 <0.1 ±11 ±11 0
Beta function at IP, β∗x [cm] 125 160 35∼49 59 56 100 10
Beta function at IP, β∗y [cm] 1.9 1.7 1.1 0.65 0.59 1.5 10
Emittance, εx [nm] 205 340 31∼59 18 24 144 129
Emittance, εy [nm] 1.4 0.4 2.2 129
Betatron tune, ν∗x 10.53 .11 .09 .504 .506 .505 .511 6.53 4.05
Betatron tune, ν∗y 9.61 .19 .167 .58 .64 .535 .577 7.58 2.05
Bunch length, σ∗z [mm] 20 10∼25 11∼12 6∼7 13∼15
Beam-beam parameter, ξ∗x 0.028 0.026 .053 .055 .110 .073 0.04
Beam-beam parameter, ξ∗y 0.062 0.025 .064 .046 .092 .056 0.04
No. of colliding bunches 45 110 1722 1389 93 1
Abort/ion clearing gap [%] 0.083 0.9 5
Beam current, operating [A] 0.37+0.37 1.4 2.0 2.7 1.78 1.7 1.35 0.91 0.91 0.1+0.1
Beam current, achieved [A] 0.78 1.5 2.4 3.0 1.78 2.0 1.36
Luminosity [1032 /cm2/sec] 12.5 1.53 108.8 162.7 10 1.0 (per IP)
Int. Lum. /day [pb−1] 73 10 786.3 1201.7
Total Int. Lum. [fb−1] 2.3 375 620
† Numbers for BEPC-II and VEPP-2000 are design values. Colliding mode of BEPC-II is shown.
†† CESR was converted to CESR-c in 2003. The numbers listed are those for CESR.

power CW RF system, low impedance and robust vacuum
components, bunch-by-bunch feedback system providing a
high damping rate, and minimization of beam background
to physics detectors.

LUMINOSITY PERFORMANCE AND
LIMITATIONS

Hardware with High Beam Currents

To store a high beam current of several amperes in
the factories, the RF cavities are required to provide a
large amount of RF power to the beam as well as to have
a very low parasitic impedance so as to avoid coupled-
bunch instabilities due to HOMs. Heavily-HOM-damped
single-cell cavities are commonly used in the factories,
either normal-conducting (KEKB-LER and HER, PEP-II,
DAΦNE) or superconducting (KEKB-HER, CESR, BEPC-
II) cavities. Typically, each cavity should deliver several
hundred kW of RF power to the beam, while extracting or
absorbing the HOM power of several kW, or even more

than 10 kW. In addition, in the case of B-factories, the ac-
celerating mode, itself, can cause a very strong longitudinal
coupled-bunch instability at a coupled-bunch mode of -1, -
2, and so on. This instability arises from a large detuning
frequency required to compensate for the reactive compo-
nent of the beam loading, which can even exceed the rev-
olution frequency for a large circumference ring. KEKB
uses high stored-energy cavities that reduce the detuning
frequency. PEP-II suppresses the instability by RF feed-
back loops with a comb filter.

Reliable operation has shown that the RF system for
a high-current beam of several amperes has come to be
standard technology. The factories have recorded the
world highest beam currents: e+ beam current of 3 A
(PEP-II LER) and e− beam current of 2.4 A (DAΦNE).
In addition, the world records in superconducting cav-
ities of beam current (1.36 A), power delivered to the
beam (400 kW/cavity) and HOM power absorbed by HOM
dampers (15 kW/cavity) go to the KEKB-HER cavities.

High-current beams have also placed great challenges
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on the vacuum components. In particular, masks (collima-
tors), bellows and HOM absorbers often have experinced
damages caused by HOM, synchrotron light or even a di-
rect hit of the beam. Elaborate work to solve the problems
and to improve these components has continued at KEKB,
PEP-II and DAΦNE.

At DAΦNE and PEP-II both transverse and longitudinal
bunch-by-bunch feedback systems are used. At KEKB a
transverse bunch-by-bunch feedback system only is used;
no longitudinal one is needed so far. These feedback sys-
tems have been working successfully to suppress the beam
instabilities. The transverse and longitudinal damping time
by the feedbacks are typically on the order of 100 μs and
1 ms, respectively. The DAΦNE feedback system is oper-
ating at the shortest bunch spacing of 2.7 ns.

Single-Bunch Current and More Bunches

The single-bunch current can be limited by a satura-
tion of the beam-beam parameters, bunch lengthening or
blow up due to microwave instability, or from the point
of view of HOM power. Since the HOM power increases
as ∝ I2

±/Nb, more bunches are desired at a given total
beam current, I±, to mitigate stress on the vacuum com-
ponents caused by the large HOM power. On the other
hand, a shorter spacing between the bunches can degrade
the specific luminosity, mainly due to positron beam size
blow up caused by an electron cloud. The requirements for
the bunch-by-bunch feedbacks will also be severer.

KEKB had been operated for several years at a bunch
spacing of 4 rf bucket. A shorter bunch spacing signifi-
cantly degraded the specific luminosity. The harmful ef-
fects of the electron cloud seem to be more serious in
KEKB than in PEP-II, where ante-chambers are used in
the arc sections. From a machine study, a clear correlation
between the degradation of the specific luminosity, vertical
blow up of the beam, and synchrotron sidebands of betatron
tune was observed [2]. In order to mitigate the problem, the
length of solenoid windings on the beam ducts has been in-
creased year by year, and the specific luminosity has been
improved. In 2004 the specific luminosity at a 3.5 bucket
spacing was still lower by about 15% than that at a 3.77
spacing (14 bunches or 13 bunches filled in 49 rf buck-
ets, respectively). It was improved after more solenoids
were added in 2005 [3]. KEKB is currently operating at a
3.5 bucket spacing without blow up of the positron beam
up to 1.8 A. However, a shorter bunch spacing of 3.27 rf
bucket (15 bunches in 49 buckets) still shows a clear degra-
dation of the specific luminosity. Additional solenoids in
Q-magnets were wound, but the effect is not obvious [4].
The effect of increasing the solenoid length now seems to
be saturating.

The number of bunches in PEP-II has increased by more
than double over the years, and almost filled up: by chang-
ing from a by4 to by3 pattern, and finally to a by2 pattern,
and also by reducing the length of mini gaps [5]. The mini
gap was needed to reduce the electron cloud build up that

causes a luminosity drop along the positron bunch trains.
The effect of the electron cloud has been reduced by wind-
ing solenoids of 30 Gauss in the straight sections and later
in the arc sections. The electron cloud does not seriously
limit the present performance of PEP-II. Improvements of
machine tuning and better working points may also have
contributed to increase the number of bunches.

DAΦNE fills all rf buckets with bunches, except for the
ion-clearing gap. After the 2003 shutdown the maximum
positron beam current has been limited at 1.4 A by a very
fast horizontal instability. The suspect that the instability
is caused by an electron cloud is supported by many ob-
servations, such as a large positive horizontal tune shift,
anomalous pressure rise, the effect of solenoids and the de-
pendence on the fill pattern as well as by an agreement
with simulations [6]. Another issue that degrades the lu-
minosity is bunch lengthening and vertical blow up due to
microwave instability. The effect is much more serious in
the e− ring, where ion-clearing electrodes significantly in-
creases the beam coupling impedance [7].

Optics and Beam-Beam Issues

Large beam-beam parameters and small β ∗y have been
achieved in the factories, as shown in Table 1. They are
mainly attributed to the following features: (1) precise
measurement and correction of linear optical functions,
such as beta function, dispersion function and coupling
correction, (2) improvements of non-linear dynamics with
sextupoles and octupoles, particularly, a local chromaticity
correction scheme to effectively correct the chromaticity
generated at the IP, and (3) continuous tuning of the ma-
chine conditions and working points. It is noted that non-
interleaved sextupole pairs with a 2.5π lattice (KEKB [8])
and moving close to a half integer horizontal tune (KEKB
and PEP-II) have proved to be significantly beneficial to
B-factories.

The tuning procedure used to maintain and improve the
beam conditions is described for the case of KEKB, as an
example. (a) The global optical functions, such as x-y cou-
pling, dispersion function, and global beta-functions, are
measured and corrected, typically once in a week. (b) Bet-
ter optical functions and beam orbit at the IP are constantly
searched by scanning parameters with minimum distur-
bance to the luminosity performance, called adiabatic tun-
ing. Betatron tunes and sextupole settings are also thus op-
timized. (c) The optimum beam conditions, such as closed
orbit distortion, betatron tunes, transverse and longitudi-
nal collision point, are maintained by continuous measure-
ments and feedbacks in a non-invasive way to the luminos-
ity performance. The positron beam size is controlled from
the view point of beam-beam effects.

Near-Term Upgrade

Table 2 summarizes the major limitations of the present
performance of the factories and measures to be taken or
planned for the near-term upgrade.
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Table 2: Present performance limitations and near-term upgrade of the e +e− factories.
Factories Present limitations Cause Near-term improvements Expected results
KEKB spec. lum. drop e− cloud ante-chambers?

(e+ >1.8 A) + beam-beam? more solenoids?
e− current (1.3 A) heating improve beam duct components e− current↗

crossing angle crab crossing or crab waist ξy ↗
PEP-II beam currents rf power more RF stations e+ current↗ to 4 A

HOM heating repair & improve BPMs e− current↗ to 2.2 A
replace IR vacuum components
improve optics/orbit correction β ∗y ↘ to 8.5 mm

ξy ↗ by 10 %
DAΦNE e+ current (1.5 A) fast inst. by e− cloud scrubbing?

σz ↗ and σy ↗ microwave inst. remove ion-clearing electrodes reduce impedance
(e− beam) negative alpha? σz ↘

new injection kickers (5.4 ns) beam currents↗
stable beam at injection

A further increase of the KEKB luminosity highly de-
pends on mitigating the electron-cloud in LER, more beam
current in HER, and crab crossing or crab waist. The in-
stallation of ante-chambers is considered for the future up-
grade. As the first step, a part of the arc section cham-
bers will be replaced with the ante-chambers next year [9].
There is a clear tendency to improve luminosity by a fur-
ther increase of the HER beam current, presently limited
by troubles due to heating of the beam duct components.
The crab crossing and crab waist will be discussed later.

PEP-II has a plan to increase the luminosity by a factor
of two to reach 2×1034 /cm2/sec. This improvement will
come from: increasing each beam current by 40%, lower-
ing β∗y to 8.5 mm, and increasing the beam-beam parame-
ters by 10%. This scenario will go with more RF stations,
replacing IR vacuum components, repair and improvement
of BPMs to solve problems caused by HOM heating as well
as improving the optics and orbit measurement and correc-
tion scheme [10].

At DAΦNE the ion-clearing electrodes in the wiggler
sections will be removed so as to reduce the ring impedance
to mitigate the bunch lengthening and vertical blow up due
to the microwave instability. Also, new injection kickers
are planned to be installed, which have a much shorter
pulse of 5.4 ns instead of 150 ns for the present ones [11].

Integrated Luminosity

A high ratio of the average to peak luminosity is also im-
portant for the factories: it gives more integrated luminos-
ity to physics detectors at the same peak luminosity. Issues
related to this direction include: (1) continuous injection,
(2) less number of beam aborts, and (3) long-term stable
operation.

The continuous injection (trickle-charge) scheme, inject-
ing beams continuously to keep almost constant beam cur-
rents without switching off the detector, was brought in op-
eration in KEKB and PEP-II around 2003∼2004 [12] [13].

PEP-II injects the electron and positron beams continu-
ously at the same time. KEKB needs to switch between
the two beams, typically every five minutes, injecting one
beam at a time. The average luminosity was increased by
20-40% at the same peak luminosity in both B-factories.
DAΦNE operates in the topping up mode for one of the
experiments (KLOE), while the other two experiments not.
For different reasons, including the topping up but also dif-
ferent machine performances and degree of optimization,
the daily integrated luminosity for KLOE was about a fac-
tor three higher with respect to the other experiments [14].

Thanks to continuous efforts made to reduce the number
of beam aborts as well as to avoid any kind of troubles, the
factories have been operating quite stably. As an example,
long-term statistics of the operation of KEKB is described
below. The average number of beam aborts during the last
three years from Jan. 2004 to Jun. 2006 is about twice in
LER and three times in HER per day. The cause of ev-
ery abort is analyzed immediately. About 60% of them is
caused by any kind of beam loss, and 28% by RF trips [15].
About 80% of the scheduled time of operation has been
dedicated to physics runs. The downtime due to any ac-
celerator trouble was only 3.9% in FY2004 and 4.5% in
FY2005 (detector trouble is excluded).

NEXT GENERATION FACTORIES

For Super-factories, various kinds of challenges for high
beam currents, a small β∗y and a large beam-beam parame-
ter are also required, as for the present factories, but should
be pushed to in a much more extreme regime.

Innovative ideas and experiments

Several innovative ideas have been investigated to dras-
tically increase the luminosity. Experiments are being con-
ducted or proposed at the factories to prove these ideas or
to utilize them in the real operation.
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The crab crossing [16] restores the luminosity loss due
to the finite-angle crossing, and greatly increases the beam-
beam parameter. The luminosity is expected to increase by
several times [17]. It is one of the key issues for the KEKB
upgrade as well as for the next-generation factories. The
first experiment of the crab crossing will be conducted at
KEKB in FY2006. Two superconducting heavily-damped
crab cavities [18], one for each ring, are in the final stage of
fabrication [19]. A horizontal test of the first one has been
conducted and a kick voltage of 1.67 MV was achieved,
well beyond the required kick of 1.4 MV.

Recently, a novel colliding scheme, the crab waist, was
proposed [20]. It is an x-dependent vertical focus at the IP,
which is generated by a pair of sextupole magnets. This
scheme may allow beams with a very small horizontal size
and a relatively long bunch length to collide at a large finite
angle crossing with a small β∗y . The relatively long bunch
length is also attractive from the view point of the CSR and
HOM power. Extensive simulation work is progressing to
study the possibility to apply this scheme to the present fac-
tories or Super-factories. An experimental test of the crab
waist is being considered at DAΦNE in the SIDDHARTA
run with a new dedicated IR design [14], and also at KEKB.

Strong RF focusing (SRFF) [21] will make a short bunch
at the IP, while keeping a longer bunch at places where RF
cavities and other high-impedance components are located.
A negative αc lattice was tested at DAΦNE [7]. A strong
decrease of the bunch length as well as a reduction of the
microwave instability threshold were observed.

Super Φ-factory

DAΦNE will complete the scheduled operation for the
high-energy and nuclear physics program in a few years.
Upgrading of DAΦNE to DANAE (DAfne New Adjustable
Energy) has been proposed [22]. The DANAE energy will
be able to be changed for two major purposes: one is up
to 2.4 GeV c. m. for n-n̄ production at a design luminosity
of >2×1032 /cm2/sec; the other is at the same energy as
DAΦNE, while upgrading its luminosity to 1033 /cm2/sec,
to be a Super Φ-factory. The existing infrastructures and
buildings as well as a large part of the magnets and injec-
tion system will be reused. New dipole magnets for the
energy upgrading, new vacuum chambers, wigglers, and
RF system at 500 MHz for the luminosity upgrading, and a
new IR are required. Crab crossing, crab waist, or the SRFF
may be implemented for a further DANAE upgrade [14].

Super B-Factories

Super B-factories are being investigated at KEK, SLAC,
and INFN-LNF. The target luminosities are about, or close
to 1036 /cm2/sec, which is two orders of magnitude higher
than that of the present B-factories.

The accelerator design of SuperKEKB [23] is based on
the crab crossing scheme. The present 508 MHz RF sys-
tem will be reused, but with twice the number of RF sta-
tions. It will also be necessary to reinforce the HOM

dampers and further increase the stored energy of the cav-
ities to store much higher beam currents. According to re-
cent simulations, the luminosity of SuperKEKB exceeds
8×1035 /cm2/sec at beam currents of 10.1 A in LER and
4.4 A in HER [24]. In addition, the discussion is going on
as to whether the crab waist could be implemented instead
of the crab crossing to further increase the luminosity.

A study of Super B-factory is also going on at INFN-
LNF [25] and SLAC [26]. The present design concept
is based on the crab waist with a very low emittance,
εx ≤1 nm, similar to the ILC Damping Rings, and very
small β∗y ≤0.1 mm by adopting the Final Focus system of
the ILC. Extensive simulation work is progressing to study
the dynamic aperture and the beam-beam effects with this
scheme and to make a set of design parameters. The beam
current is about 2.5 A in LER and 1.4 A in HER, compara-
ble to the present B-factories.
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