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Abstract

Super B-factory designs under consideration expect to
reach luminosities in the ���� - ���� range. The dramatic
luminosity increase relative to the existing B-factories is
achieved, in part, by raising the beam currents stored in the
electron and positron rings. For such machines to succeed
it is necessary to consider in the RF system design not only
the gap voltage and beam power, but also the beam loading
effects. The main effects are the synchronous phase tran-
sients due to the uneven ring filling patterns and the longitu-
dinal coupled-bunch instabilities driven by the fundamen-
tal impedance of the RF cavities. A systematic approach
to predicting such effects and for optimizing the RF system
design will be presented. Existing as well as promising new
techniques for reducing the effects of heavy beam loading
will be described and illustrated with examples from the
PEP-II and the KEKB.

INTRODUCTION

Two super B-factory designs under development aim
to increase the peak luminosity from currently achieved
� � ���� - �� � ���� level to the ���� - ���� range [1, 2]. The
dramatic luminosity increase requires a ten-fold increase
in the beam currents stored in electron and positron rings.
High beam currents in large circumference storage rings
cause two significant beam loading effects: fast-growing
longitudinal coupled-bunch instabilities excited by the de-
tuned fundamental mode and the synchronous bunch phase
transient due to the fill pattern unevenness.

Significant attention to the beam loading was already
paid in the design of the existing B-factories with the two
machines selecting radically different solutions [3, 4]. Pro-
jected beam current increases for the super B-factories am-
plify the significance of the beam loading making it the
defining element in the design of the RF system.

In this paper the concept of beam loading in a stor-
age ring is introduced and several important relationships
between the cavity parameters and beam current are pre-
sented. Next, two beam loading effects are described and
the existing methods for reducing these harmful effects
are presented. From a general description of RF design
and feedback control methods that alleviate the beam load-
ing issues a ”cookbook” procedure for designing super B-
factory RF system is then developed. The procedure is il-
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Figure 1: An RLC model of the fundamental mode of the
RF cavity where � is the loaded cavity shunt impedance.

lustrated with a design example from the SuperPEP.

BEAM-CAVITY INTERACTION

Lumped-element model of the RF cavity

Let’s start our discussion of the beam loading from con-
sidering an RLC model of the accelerating or fundamental
mode of the RF cavity. Such a model is illustrated in Fig. 1.
The fundamental mode is driven by two input currents, the
generator current ��� and the beam current component at
the RF frequency ��� . The cavity voltage ��� is then defined
by the vector sum of the input currents and the impedance
of the fundamental mode. In turn the cavity voltage influ-
ences the beam current via the longitudinal dynamics and
the generator currents through the RF feedback loops.

In Fig. 2 a vector diagram describing the relationship be-
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Figure 2: Vector diagram of the cavity currents and voltage
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tween the generator and beam currents and the cavity volt-
age is shown. For the short bunches typically encountered
in B-factories the beam current component at ��� is twice
the DC beam current ��. Synchronous phase angle �� is
determined by the total RF voltage �� and the energy loss
per turn �� as �� � � � ����	
������ �. The angle ��
between the total input current ����� and the voltage ��� is the
cavity impedance phase angle � 	��
����. The current ��
is loss current in the model shunt impedance � which in-
cludes the effects of coupling to the generator output. For
the steady-state conditions from the geometric considera-
tions we have

�� �
��  �� �	
��

�����

Note that the minimum generator current is achieved at the
zero loading angle ��. For efficient use of the generator
power the cavity is detuned as a function of the beam cur-
rent to maintain �� � �. From the vector diagram in Fig. 2
we get the following expression for the cavity phase angle

��
�� � ��
�� 
��
��

���
�� �	
��  ������ (1)

Cavity resonance detuning from the RF frequency is related
to the cavity phase angle as �	 � �
 � ��� � � ��
��
where � is the cavity damping time �
������. If the load-
ing angle is zero, from Eq. 1 we obtain the following ex-
pression for the detuning frequency

�	 �
�

���
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��

����� �
�
��
���

�

�
����� (2)

Beam loading

When the beam current is small relative to the generator
current - light beam loading - the cavity voltage is mostly
defined by the generator current. High beam current starts
to affect strongly the cavity voltage thus creating a strong
interaction between the RF system and the beam - high
beam loading condition. This interaction can be consid-
ered as a ”feedback loop”: beam current source is affected
by the cavity voltage, while that voltage depends on the
beam current.

Another way to look at beam loading is to consider
Eq. 2. Cavity detuning increases linearly with beam cur-
rent and in a large circumference high-current storage rings
one encounters a condition where �	 is comparable to the
ring revolution frequency �� or even exceeds it. In this
case the fundamental impedance interacts strongly with the
beam current components at the revolution frequency (un-
even filling patterns) as well as the components at the syn-
chrotron sidebands (longitudinal coupled-bunch instabili-
ties).
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Figure 3: Computed synchronous phase transient in PEP-II
LER for a gap of 88 RF buckets or 2.52%

Synchronous phase transients

Let’s first consider the effect of the uneven ring filling
pattern. Such unevenness is an amplitude modulation of
the beam current input to our cavity model. The modula-
tion is periodic from turn to turn therefore in the frequency
domain the beam signal has power at the revolution har-
monics. These components interact with the detuned cav-
ity impedance producing both amplitude and phase mod-
ulations of the cavity voltage which, in turn, influences
the longitudinal parameters of the individual bunches. Af-
fected parameters include synchrotron frequency, bunch
length, and the synchronous position.

The most significant feature of a B-factory filling pattern
is a relatively long gap for the abort kicker risetime and ion
clearing. Such a pattern in time domain generates an enve-
lope of the revolution frequency harmonics around the RF
frequency with the amplitude and the width of the envelope
related to the length of the gap as follows

�����  ��� �

�������
�	
�����

�	
���

���� (3)

where ���� is the magnitude of the beam current compo-
nent at frequency �, �� is the per bunch current, �� is the
length of the gap and � is the harmonic number. For the
low values of  consistent with the span of the fundamen-
tal impedance Eq. 3 can be approximated by �����.

In the simplest form a product of the fill pattern spectrum
and the cavity impedance will give us the expected cavity
voltage modulation. From the modulation one can then
compute the variations in the synchronous position and
other bunch parameters. Note, however, that cavity voltage
modulation leads to the phase modulation of the beam cur-
rent vector changing the impedance excitation spectrum.
This is the feedback loop effect mentioned earlier which
leads to significant errors when phase transients are large.
In order to accurately compute the transient we use the
small-signal model by F. Pedersen [5]. Figure 3 illustrates
a synchronous phase transient in PEP-II LER for a 2.52%
gap. At the 2.35 A beam current the transient amplitude
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Figure 4: Bunch length variation in the LER for a 2.52%
gap in the filling pattern

reaches ����Æ peak-to-peak. Modulation of the cavity volt-
age also leads to variation of the bunch length along the
train illustrated in Fig. 4. The time structure in the plot is
related to the resonant center frequency of the RF cavities
at 202 kHz (1.5 revolution harmonics) detuning.

There are several ways of combating the synchronous
phase transients. From the previous discussion it is clear
that reducing the length of the abort gap leads to a nearly
linear reduction in the amplitude of the transient. For �	 �
�� � �� cavity impedance at ��� � �� can be written as

�	����� � ���� �
�

�

���
���� � �	�

(4)

Several intuitively reasonable conclusions can be drawn
from this relation. One way to reduce the impedance thus
reducing the phase transient it to lower ��� which is
equivalent to increasing the cavity stored energy. Secondly,
keeping cavity detuning low helps in the reduction. Based
on Eq. 2 we see that increased cavity stored energy (low
���) and increased cavity voltage also help lower the de-
tuning. Note that the impedance is also proportional to the
number of RF cavities.

Let us now consider an active approach to lessening the
phase transient. If one were to apply appropriate modula-
tion to ��� a perfect cancellation of the fill pattern gap term
could be achieved. Such a cancellation, however, extracts
a significant power penalty requiring peak generator cur-
rent to increase by a factor of 2-3 [4, page 195]. A more
promising approach is described in [6] where a question is
posed: what reduction in the amplitude of the transient can
be achieved with only the phase modulation of ��� which
places no additional demands on the available RF power.
Analysis of the PEP-II HER examples shows that a ��Æ

transient is reduced by a factor of 4 to �Æ.

Longitudinal coupled-bunch instabilities

As we have seen the fundamental impedance interacts
strongly with the beam current components at the revolu-
tion harmonics. Another important interaction takes place

at the synchrotron sidebands of the revolution harmonics
leading to the longitudinal coupled-bunch instabilities. The
eigenvalue shifts of the even fill eigenmodes (EFEMs) are
given by [7]

� �
�����
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where � is the eigenmode number,� is the momentum com-
paction, �� is the beam energy, and �� is the synchrotron
frequency. If we consider only the fundamental mode of
the RF cavities from Eqs. 5-6 it follows that

� � 	�����  ���  ���� 	�� ���� � ��� � ��� (7)

where 	� denotes a complex conjugate operation.
Without the beam the cavity is tuned on resonance and

the impedance at the upper synchrotron sideband of a
revolution harmonic below the RF is nearly equal to the
impedance at the lower synchrotron sideband of the oppo-
site harmonic. As the cavity is detuned to compensate for
the beam loading the asymmetry increases reaching a max-
imum when �	 is near �����. As a result the eigenvalue
of mode -1 is shifted to very fast growth rates.

Many modern storage rings operate above the coupled-
bunch instability threshold and use a longitudinal bunch-
by-bunch feedback system to control the beam [8]. To
understand why the situation with the cavity fundamental
impedance requires different treatment we will consider the
limitations of such feedback systems.

Longitudinal bunch-by-bunch feedback control is typ-
ically achieved by measuring individual bunch displace-
ments from the synchronous phase, processing the signals
to compute a corrective kick, and applying such kick via a
power amplifier and kicker. In a conventional system the
kick for a given bunch is applied at least one turn after its
displacement has been measured. In practice the delay is
significantly higher since the kick signal needs 90 degrees
phase shift relative to the position oscillation. Generat-
ing such a shift requires observations of the bunch position
over multiple turns comprising a significant fraction of the
synchrotron oscillation period. These requirements place a
lower bound on the feedback controller group delay which,
in turn, limits achievable loop gains and damping rates.
The limitation is illustrated in Fig 5 where a root locus of
the closed loop system is shown. Within the plot the locus
(red) starts at the open-loop eigenvalue (marked by a green
”x”) for zero feedback gain. As the loop gain increases the
feedback acts to shift the eigenvalue to the left at first re-
ducing the growth rate and then, after crossing the y-axis,
achieving stability. Further gain increases initially improve
damping, however the eigenvalue curve turns around near
-9 ���
. In addition another closed-loop pole locus (blue)
enters from the left and is driven towards instability. In
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Figure 5: Root locus of a low group-delay longitudinal
feedback controller in PEP-II HER acting on a eigenmode
with 1.5 ���
 growth rate

this illustration an overall distance between the open-loop
eigenvalue and the maximum damping is on the order of
10.5 ���
. The illustrated feedback loop is a low group-
delay woofer channel in PEP-II HER [9] which achieves
77 �s group delay - roughly half of the synchrotron os-
cillation period of 156 �s. Increasing modal growth rates
will shift the overall locus plot to the right with the sys-
tem running out of control margin at the growth rates near
10 ���
. In practice a 50% margin is advisable for reliable
control which then halves the supportable growth rates.

While feedback systems have other limitations such as
kicker gain, available amplifier power, and input sensitivity,
only the group-delay is a fundamental performance limit.
This is then the limit for the RF system design.

Two approaches to reducing the instability growth rates
induced by the fundamental impedance include impedance
minimization [3] and active feedback [4]. Impedance min-
imization techniques are very similar to the methods of re-
ducing the synchronous phase transient that were described
earlier. The similarity is due to the fact that in case of phase
transients we are minimizing the impedance at the revolu-
tion harmonic while in case of the instabilities to the first
order the impedance at the upper synchrotron sideband of
that harmonic is minimized.

Active feedback control of the fundamental-mode
impedance has been successfully used in several large stor-
age rings, most notably SPS [10] and PEP-II [11]. In a
most general sense the system compares cavity probe sig-
nal to a fixed reference and applies correction via the gen-
erator to keep the error small. Then a change in the cavity
voltage due to a beam current change is attenuated by the
feedback leading to a reduced effective impedance. The
feedback loop response is comprised of two channels: di-
rect and comb loops. The direct loop is a prompt propor-
tional feedback channel with no frequency shaping. The
gain of this channel and the achievable impedance reduc-
tion is limited by the loop transport delay which includes

klystron group delay, waveguide and probe cable delays
as well as the LLRF processing. Note, however, that the
beam-cavity interaction driving the coupled-bunch instabil-
ities takes place in the vicinity of the synchrotron sidebands
of the revolution harmonics near ��� . A second feedback
loop - comb loop - trades bandwidth for gain and provides
additional loop gain at the synchrotron sidebands. This
loop uses a near one-turn delay with an equalizer so that the
loop response is periodic at the revolution harmonics pro-
viding appropriately phased gain peaks at the synchrotron
sidebands. In practice impedance reduction achieved by
these feedback loops falls short of linear model predictions
due to the small-signal amplitude saturation of the klystron.
From Fig. 2 it is clear that rejection of beam phase oscilla-
tions requires mostly amplitude modulation of the klystron.
In a nominal operating regime a klystron is 85-90% satu-
rated with the small-signal gain attenuated by 10-12 dB.
This attenuation effectively reduces the loop gain and can-
not be compensated by the feedback gain change since the
phase modulation path is not attenuated. As a result in PEP-
II we have observed residual impedance roughly 5 times
larger than the linear model prediction.

RF PARAMETER SELECTION
PROCEDURE

Based on the recommendations developed in the previ-
ous two sections a ”cookbook” procedure that minimizes
both important beam loading effects can be formulated.

Assumptions

In the parameter selection procedure several assump-
tions will be made. First, only superconducting (SC) cavi-
ties are considered since the minimum number of cavities,
as we will see, is determined by the beam power require-
ment. Even though in the existing B-factories both conven-
tional and energy-storage normal-conducting cavities are
used, in a new design these options would lead to a larger
number of cavities than if the SC cavities are employed.
Next I will assume that the synchronous phase angle �� is
close to �, so that ����� � � - a reasonable assumption
given the large overvoltage factors being considered. We
will assume that all HOM losses in the cavity occur above
cut-off, that is the resonator is effectively single-mode be-
low the cut-off frequency. Finally, the RF parameter se-
lection procedure assumes a pre-determined bunch length
requirement and a significant flexibility in the selection of
the momentum compaction factor.

Methodology

In this design procedure the first step is to determine the
cavity design limits on the gap voltage �� and the power
coupled into the cavity by the generator �� . We will want
to operate all cavities in the ring at these limits since the
detuning is proportional to ���� and the number of cavities
scales with ����. From the cavity design we get the above



cut-off HOM loss factor �� which gives us per cavity HOM
power loss ��� � ��

�
������ . The difference � �

� � �� �
��� is the power supplied to the beam by each cavity.
Next we determine total beam power requirement�� based
on the synchrotron radiation, resistive wall losses as well
as HOM losses elsewhere in the vacuum chamber. These
two quantities determine the required number of cavities
�� � �����

�
� �. Having determined the number of cavities

we right away get the total gap voltage �� � ����. Next
we use the equations for the synchrotron frequency and the
bunch length [12]

�� �
��

��
Æ� (8)

��� �
�����
����

�� (9)

where �� is the bunch length, Æ� is the fractional energy
spread, �� � ����� is the revolution time. Eqs. 8-9 can be
rewritten to express momentum compaction as a function
of other parameters, determined earlier

� �
�����

�
�

������Æ��
�� (10)

SuperPEP example

Let’s demonstrate the above procedure on the SuperPEP
LER ring at 3.5 GeV nominal energy and 15.5 A beam cur-
rent with design bunch length of 1.8 mm [2].

Currently in the SuperPEP RF system design there are
three cavity options under consideration. All of these are
952 MHz SC cavities with �� of 1 MW and �� of 1.25 MV.
The cavity options have different ���: 30 �, 12 �, and
5 �. In this example we will only consider the cavity
with ��� � �� �. Overall beam power requirement is
20.12 MW. Cavity loss factor �� is 0.31 V/pC which gives
us HOM power loss of 79 kW. Thus each cavity delivers
921 kW to the beam and we need 22 cavities. Total gap
voltage is 27.5 MV. Using Eq. 10 we get � � ��� � ����.
Synchrotron frequency for this configuration is 7.65 kHz.

Under the full beam loading the cavity detuning is
142 kHz which exceeds the revolution frequency of
136 kHz. This necessitates LLRF feedback to reduce the
impedance. Applying direct and comb loops as well as
the effects of klystron saturation we get a growth rate of
4 ���
. Linearizing the klystron [13] would reduce the
residual rate to 0.8 ���
. Both of these rates fall within
the controllable range of the coupled-bunch feedback sys-
tems. It is interesting to note that a cavity with ��� of
5 � reaches only 61 kHz of detuning and can be operated
without impedance-reduction feedback.

SUMMARY

High current storage rings must pay careful atten-
tion to the harmful beam loading effects. Longitudinal

coupled-bunch instabilities due to the cavity fundamental
impedance to large extent define the RF system design for
a highly beam loaded large storage ring. Reducing the
growth rates of such instabilities to a manageable level will
most likely involve a combination of several methods: de-
sign stage impedance minimization through cavity and ring
parameters and active LLRF feedback. An example pre-
sented here illustrates the RF parameter selection and de-
sign choices to achieve manageable instability growth rates
at the very high stored beam currents.
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