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Harmonic cavities have been used in storage rings to lengthen bunches and increase beam lifetimes
dominated by Touschek scattering. Transient beam loading in the harmonic cavities generated by asym-
metries in the fill pattern causes significant variation of the bunch synchronous phase and bunch length
along the bunch train when the longitudinal restoring force has been reduced. This results in a significant
reduction in the mean bunch lengthening and potential lifetime increase. We describe how beam current
modulations give rise to transient effects much larger than expected from the linear model of the beam
cavity interaction. We also develop a tracking simulation to predict results and apply this simulation to
an analysis of the beam loading transients for the case of passive and active normal and superconducting
third harmonic rf systems using Advanced Light Source parameters.
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I. INTRODUCTION

The beam lifetime in low-medium energy third gener-
ation synchrotron light sources is typically dominated by
large-angle intrabeam (Touschek) scattering. Much atten-
tion has been paid to the use of harmonic rf systems to
lengthen the bunches and improve the lifetime [1–4]. Un-
der ideal conditions, one expects lifetime improvements
of a factor of 2–4, depending on the machine parameters.
Harmonic rf systems have recently been installed and com-
missioned on several third generation light sources, with
varying degrees of lifetime improvement [5–7]. There are
also several proposed installations [8–11]. In these rings,
the distribution of current in rf buckets is rarely uniform
because of limitations in the injector, gaps for beam kicker
rise times or for clearing trapped ions, or because of user
requirements. For example, the Advanced Light Source
(ALS) presently operates with a 17% gap in the fill pattern
which is necessary for one class of synchrotron light ex-
periments. We have observed in the ALS that gaps in the
fill pattern create transient beam loading effects along the
bunch train which significantly degrade the total amount
of bunch lengthening and thus the lifetime improvement.
There is an additional side effect of a large variation in
bunch synchronous phase along the bunch train, causing
problems for a number of ALS technical systems. For ex-
ample, shown in Fig. 1 is a measurement of the transient
effects observed in the ALS for both the nominal 17% gap
and for a 2.5% gap in the fill pattern. Figure 1a shows the
variation of the relative synchronous phase and Fig. 1b the
variation of the bunch length along the bunch train. Both
figures were extracted from a streak camera image of the
bunch train. For the larger gap, there is a large variation in
the relative phase and bunch length. We have been able to
quantitatively explain this behavior by analyzing the tran-
sient beam loading of the harmonic cavities induced by
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the gaps in the fill pattern. We believe that the transient
behavior is not specific to the ALS and presents a seri-
ous limitation to the lifetime improvement which can be
achieved with harmonic systems in third generation light
sources, regardless of whether the system is active or pas-
sive, normal or superconducting.

In this paper we present both a qualitative and a quanti-
tative analysis of the transient loading effects in harmonic
rf systems. Section II presents an introduction to harmonic
rf systems and the longitudinal beam dynamics with har-
monic cavities. Transient beam loading of the main rf sys-
tem has been studied in a variety of storage rings. In this
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FIG. 1. (Color) Longitudinal beam offset and bunch length
along the bunch train. The variation in synchronous phase due
to transient loading of the cavities is much larger in the case of
272 bunches. The transient loading also results in a variation of
the bunch length along the train.
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paper, we refer to transient loading only in the context of
a steady-state condition which arises from an asymmetric
fill pattern and not to transient effects from a perturba-
tion of a steady-state condition such as injection. For most
main rf systems, it is possible to use a linear model of the
beam cavity interaction to estimate the level of transient
effects. However, because of the inherent nonlinearity of
the longitudinal beam dynamics with a harmonic rf system,
the linear model tends to underestimate the degree of the
transient. For this reason we have developed a computer
tracking code to model the transient. This code is described
in Sec. III along with several examples of how it can be
used. Section IV presents our results of a survey compar-
ing four cases: passive and active normal conducting (NC)
harmonic cavities and passive and active superconducting
(SC) harmonic cavities. We believe these results may ap-
ply to the operation of such systems which are in either the
design or the construction stage at light sources around the
world. Section V presents a discussion and conclusions.

II. INTRODUCTION TO HARMONIC CAVITIES
AND TRANSIENTS

A. Longitudinal beam dynamics

Consider the voltage seen by the bunch generated by the
main rf system as shown in Fig. 2. Near the bunch center,
the restoring force of the rf voltage is approximately linear.
Given a Gaussian energy spread, the resulting longitudinal
distribution is also Gaussian. If another voltage is added
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to the main rf voltage with an amplitude and phase such
that the slope at the bunch center is zero, the energy distri-
bution is unaffected but the bunch lengthens and the peak
charge density decreases. If the lifetime is dominated by
Touschek scattering, the lifetime improvement is approxi-
mately equal to the reduction in peak density or bunch
length increase.

To produce the harmonic voltage, a second rf cavity sys-
tem is installed in the ring with a resonant frequency sev-
eral times the main rf cavity. The voltage in the harmonic
cavity is generated either by an external generator (active)
or by the beam itself (passive). The combined voltage from
the main and harmonic rf system can be written as

V �z� � Vrf

∑
sin

µ
vrf

c
z 1 f1

∂

1 k sin

µ
n

vrf

c
z 1 nf2

∂∏
, (1)

where k is the relative harmonic voltage to the main rf
voltage, f1 and f2 are the stable phases with respect to
the main and harmonic voltages, and n is the ratio of the
harmonic and main rf frequencies.

The longitudinal density distribution is given by [2,4]

r�z� � re2F�z��a2s2
e , (2)

where r is a normalization constant such that
R
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where C is the circumference.
Using the above equations, the longitudinal bunch dis-

tribution can be shaped by varying the relative amplitude
and phase of the harmonic voltage and thus the potential.
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FIG. 2. (Color) rf voltage seen by the bunch for main rf and
higher harmonic cavities.
To lengthen the bunch, the harmonic amplitude and phase
should be adjusted to cancel the slope of the main rf voltage
at the bunch center. The potential well and bunch distri-
bution with harmonic voltage and phase adjusted to can-
cel the slope of the main rf voltage are shown in Fig. 3a.
Shown in Fig. 3b are the potential wells and distributions
for the conditions in Fig. 3a except with a 60.5± phase
shift, indicating the sensitivity of the bunch shape and
longitudinal centroid position (i.e., synchronous phase) to
small variations. The reduction in longitudinal focusing
needed for lengthening the bunch is the main reason for this
sensitivity.

It is useful to note that if the harmonic voltage were
phased such that the slopes of the main and harmonic volt-
ages added rather than canceled, the bunch would be short-
ened. In this condition, the bunch shape and position are
much less sensitive to variations in the harmonic voltage
and phase and thus transient effects are expected to be less
significant.
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PRST-AB 5 TRANSIENT BEAM LOADING EFFECTS IN HARMONIC … 092001 (2002)
400

300

200

100

0

0.06

0.04

0.02

0.00

400

300

200

100

0
-150 -100 -50 0 50 100 150

Longitudinal position (mm)

0.06

0.04

0.02

0.00

Po
te

nt
ia

l 
Φ

(z
) 

(a
rb

.u
ni

ts
) 

N
orm

alized charge density

a) cancellation condition

b) ±0.5 degree shift from cancellation condition

FIG. 3. (Color) Potential well and longitudinal distribution for
(a) optimum voltage and phase for bunch flattening and (b)
60.5± shift from optimum phase.

B. Transient effects in rf systems

Transient beam loading in storage ring rf systems has
been studied for some time. Most recent studies have
looked at synchronous phase transients in high current
electron-positron colliders [12–15] and in harmonic rf sys-
tems [8,16]. For small perturbations in the voltage along
the bunch train, one can estimate the transient bunch syn-
chronous phase by

Df �
DV

Vrf cosf1
�

haDV
2pEQ2

s
, (4)

where DV is the variation in voltage along the bunch train,
Qs is the synchrotron tune, h is the harmonic number, and
E is the beam energy. Note that the voltage perturbation
in Eq. (4) does not account for the effect of the phase tran-
sient itself. Using ALS parameters with harmonic cavities
tuned to give optimum lifetime improvement as described
in [1], one can make a first-order estimate of the voltage
perturbation simply by computing the decay of the voltage
during the beam gap. We compute a change in voltage of
about 20 kV. Assuming the nominal synchrotron tune, this
results in a negligible phase transient of about 1.1± at the rf
frequency. At full bunch lengthening, the synchrotron tune
approaches zero (to first order) and the transient becomes
infinite due to the absence of longitudinal focusing.

As we show in Sec. III, the above argument under- or
overestimates the amplitude and nature of the transient but
does demonstrate the sensitivity of the phase transient on
the degree of longitudinal focusing in its dependence on the
synchrotron tune. An example of a more accurate model is
the small-signal modulation (Pedersen) model of the beam
cavity interaction [17]. The Pedersen model includes beam
feedback on the transient (i.e., the effect of the beam phase
transient on the voltage transient.) However, this model
lacks in two respects: it assumes small amplitude modu-
lations of the quantities such as beam synchronous phase
and cavity voltages and does not account for variations in
092001-3
the longitudinal beam dynamics such as the variation of
the synchrotron tune. For this reason, we believe that the
most accurate method currently available for computing
the transient effects and the resulting effect on beam life-
times is via computer simulation. This is discussed in the
next section.

III. COMPUTER SIMULATION OF PASSIVE AND
ACTIVE HARMONIC CAVITIES

Given the limitations of an analytical model for describ-
ing the transient effects in the presence of a harmonic
rf system, we have developed a computer tracking code
to find the steady-state main and harmonic voltages and
phases along the bunch train. Using these values, we com-
pute the corresponding bunch shape and lifetime increase
for each bunch and the overall lifetime increase of the
beam. This section presents a description of the tracking
code and several examples which we use to describe the
transient effect in detail.

A. Tracking model

To find the steady-state harmonic and fundamental volt-
age along the bunch train, we model each bunch as a
macroparticle [18,19] and develop difference equations
which track the motion of each bunch and the voltage and
phase in the main and harmonic cavities. Difference equa-
tions for the synchrotron oscillations of each bunch can be
expressed as

´i11 � �1 2 2lrad�´i 1
1
E

�eVg�fi� 1 eVb�fi� 2 U0�

(5)

and

fi11 � fi 1 2pah´i , (6)

where ´ is the relative beam energy deviation, and f is
the bunch phase with respect to the nominal synchronous
phase. lrad is the radiation damping rate expressed in
units of the rotation frequency and U0 is the radiation loss
per turn. Vg and Vb are the sums of the generator and
beam-induced voltages in the main and harmonic cavities
and are defined further below. Vg is given by

Vg�fi� � Vg1 sin�fi 1 f1 1 c1 2 fL1�

2 Vg2 sin�n�fi 1 f2� 1 c2 2 fL2� , (7)

where f1 and f2 are the relative stable phases for the main
and harmonic voltages, c1,2 are the tuning angles for either
cavity, and fL1,2 are the load angles for either cavity [17].

In all of our simulations, we assume that beam load-
ing in the main cavity and actively driven harmonic
cavity is compensated to maintain a constant voltage
assuming no transient effects (i.e., no gap). To compensate
for beam loading, the amplitude of the generator voltage,
092001-3
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Vgj�j � 1, 2�, is increased as a function of beam current
according to the following:

Vgj � Rlj
coscj

cosfLj
�I0 1 2Ib sinfj� , (8)

where Ib is the dc beam current, and the loss current I0 �
Vcell�Rl . Vcell is the voltage per cell and Rl is the loaded
shunt impedance. The tuning angle cj is given by

tancj � tanfLj�1 1 yj sinfj� 1 yj cosfj , (9)

where yj � 2Ib�I0, assuming short bunches. The tuning
angle is related to the detuning of the cavity by

tancj � 2Qlj
fres,j 2 nfrf

fres,j
. (10)

The beam voltages for both main and harmonic cavities
are found from the difference equation

Ṽb,i11 � Ṽb,ie
� jvr 2�vr �2Q��Dt 2 2kq , (11)

where Ṽb,i11 is the phasor representation of the beam volt-
age and k � vres,nRln�2Qln. Dt is the difference in arrival
times of the current (tth) and previous bunch (t 2 1th)
given by

Dt �
fi,t 2 fi,t21

vrf
1 Tb , (12)

where Tb is the number of buckets between the bunches
multiplied by the rf period.

Using the above set of equations, we can track the mo-
tions of an arbitrary number of bunches with both main
and harmonic voltages, as well as any number of higher
order modes. Once the macrobunches have reached their
steady-state values, we use the harmonic voltage and phase
at each bunch to compute the bunch lengthening and life-
time improvement for that bunch which is then used to find
the average lifetime improvement.

As discussed further in the next section, we believe
that this tracking model accounts for most of the impor-
tant effects. However, one of the primary limitations of
the macroparticle model is the absence of any intrabunch
effects such as bunch lengthening and Landau damping,
especially because harmonic cavities can have significant
impact in both of these areas. For the scope of this paper,
Landau damping is not a major concern since we are study-
ing only steady-state effects. However, bunch lengthening
can affect the voltage generated in the harmonic cavity in
the passive case by reducing the Fourier component of the
beam current exciting the cavity. For ALS conditions, we
believe this is a small effect since the current component
driving the harmonic cavities (1.5 GHz) is reduced only
by 4% at full bunch lengthening due to the relatively short
natural bunch length. In other rings, the effect could be
much larger depending on which harmonic is used and the
natural bunch length.

Another limitation of the macroparticle model is that it
restricts modeling to the “understretched” regime of bunch
lengthening where there is only a single fixed point in the rf
092001-4
bucket. In the “overstretched” regime, two fixed points are
formed and the macroparticle damps to one or the other de-
pending on the initial conditions whereas an actual bunch
will tend to fill both minibuckets. We believe that extend-
ing the code to include these effects is straightforward but
operation will be CPU intensive.

B. Examples and discussions

In this section we present several examples of the re-
sults of the tracking code and subsequent calculation us-
ing ALS parameters in order to demonstrate the method
for determining the overall lifetime improvement. We also
use these examples as a basis for a physical explanation of
the effect.

The relevant parameters for the ALS are summarized in
Table I. As described elsewhere [1], the optimum number
of NC cavities for ALS parameters is about three, so we
will consider the effect of only three cells tuned above the
third rf harmonic to a value of hres � fres�f0 � 984.32.
The tracking code shows that this working point gives the
best improvement in lifetime with the standard operation
conditions at ALS and we use it in this section to illustrate
the effect of transient beam loading. For this case, we
compute the transient effect produced by a 17% gap in the
fill pattern for an average beam current of 400 mA and
compare the resulting lifetime with the case of a perfectly
uniform fill at the same beam intensity.

Two examples of output from the code are shown in
Fig. 4. Figure 4a shows the turn by turn beam phase (rela-
tive to the nominal synchronous phase) for a uniform fill
of 328 bunches. For compactness, only the phase from
every fourth bunch is shown. In this case, the bunch syn-
chronous phase converges to a single steady value for all
the macroparticles: no steady-state transient effect is ob-
served. After convergence, the tracking simulation shows
good agreement with theoretical values for the bunch syn-
chronous phase and harmonic voltage phase. From the
simulated values of the harmonic voltage and phase, we
calculate bunch lengthening of about a factor of 2, again
in agreement with independent calculations.

Figure 4b shows the result for the same average beam
current but with a 17% gap in the fill pattern. In this case,
the bunch synchronous phase converges to a different value
for each bunch. This is more evident in Figs. 5a–5c which
shows expanded views of the turn by turn phase in Fig. 4b.
An initial equal beam phase evolves over a damping time to
state where the head of the bunch train has a different rela-
tive phase from the tail of about 0.3 rad. This is in good
agreement with the observations shown in Fig. 1. How-
ever, a detailed comparison between the tracking model
and experimental results is beyond the scope of this paper
and will be addressed in a subsequent paper.

Figure 6 summarizes the tracking results which are used
to compute the lifetime increase along the bunch train.
Figure 6a shows the steady-state distribution of the relative
092001-4
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TABLE I. Nominal ALS parameters.

Parameter Description

E Beam energy (GeV) 1.9 GeV
se rms dE�E 8.1 3 1024

C Circumference 196.8 m
frf rf frequency 499.660 MHz
h Harmonic number 328
a Momentum compaction 1.62 3 1023

U0 Radiation loss�turn 245 keV
Vrf Main rf voltage 1.1 MV
R ALS harmonic cavity impedance 1.7 MV

Q ALS harmonic cavity quality factor 21 000
w1 Synchronous phase 2.8983 rad
w2 Harmonic phase 20.0275 rad
synchronous phase along the bunch train. Figure 6b shows
the amplitude and phase of the harmonic voltage along the
bunch train. The amplitude is the peak value of the voltage
and the phase is the harmonic phase at the bunch and can
be used directly to compute the bunch lengthening as de-
scribed in Eqs. (2) and (3). Note that the slope of the har-
monic voltage is computed as the peak voltage multiplied
by the cosine of the harmonic phase. As a consequence,
the relative amplitude and phase of the harmonic and main
voltages vary significantly along the bunch train, leading
to a variation in the bunch lengthening along the train, as
shown in Fig. 6c. Even the maximum bunch lengthening
of about 1.5 for the fill with gap is lower than the factor
of 2 obtained under similar operation conditions for uni-
form filling. In this case, the average bunch lengthening is
less than 1.4 and bunches at the edge of the fill experience
a stretching of only about 1.3. The dramatic reduction in

FIG. 4. (Color) (a) Tracking results for a uniform fill pattern,
exhibiting no steady-state beam transients (three harmonic cavi-
ties tuned to hres � 984.32 and Ibeam � 400 mA). (b) Same
conditions as (a) but with a 17% gap. This condition demon-
strates a large variation in the relative synchronous phase.
bunch lengthening and lifetime increase with a nonuniform
fill pattern is a serious concern since this is the primary
goal of the harmonic system.

This example shows three surprising features which dis-
tinguishes this effect from conventional transient effects in
main rf systems. The first is the modulation pattern of the
harmonic voltage. For comparison, the transient loading
of most fundamental rf systems results in a voltage which
ramps uniformly over the bunch train with a decay during
the gap. The second is that the harmonic phase varies by
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FIG. 5. (Color) Expanded view of tracking results from Fig. 4b.
The relative synchronous phase of each bunch in the train
evolves to a transient variation of about 0.3 rad. This shows
good agreement with experimental observations.
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FIG. 6. (Color) Distribution of the bunch synchronous phase
along the bunch train with a 17% gap showing strong transient
effects. (a) Bunch synchronous phase (difference from nominal
synchronous phase) and bunch intensity along the bunch train.
(b) Harmonic voltage and phase. The optimal harmonic phase
for bunch lengthening is about 21.5 rad. (c) Resulting length-
ening increase which peaks near the middle of the bunch train.

almost 180± over the bunch train. The third feature is that
the peak increase in bunch length occurs at the minimum
of the harmonic voltage transient.

It is worth examining these features in more detail. Con-
sider the modulation of the harmonic voltage as shown in
Fig. 6b. The maximum value of about 350 kV is close to
the value needed for optimum bunch lengthening. How-
ever, the phase of the voltage is different from the opti-
mum phase by about 90±. The net result is only a 37%
increase in bunch length. Near the center of the bunch
train, the harmonic phase is at the optimum value, but it
occurs at a minimum of the harmonic voltage resulting
in only a 45% increase. At the end of the bunch train,
the harmonic voltage is again near optimum, but the har-
monic phase is off by 90± in the other direction. We be-
lieve that the key to understanding this unusual transient
behavior lies in the harmonic phase transient. Because
of the reduction of longitudinal focusing, the bunch phase
becomes very sensitive to the harmonic phase as shown
in Fig. 3b. This in turn amplifies the voltage transient in-
duced by the gap in the bunch train. At some point, the
harmonic voltages at the head and tail of the train are al-
most completely out of phase. Thus the peak amplitude of
092001-6
the phase is at a minimum near the center of the train. The
harmonic phase exhibits a “seesaw”-like behavior between
two extreme phases and only at the midpoint of the tran-
sient is the phase at the proper value for bunch lengthen-
ing. Unfortunately, the amplitude of the harmonic voltage
is at its minimum at this point, reducing the total bunch
lengthening.

We believe this seesaw behavior of the harmonic phase
is typical of transient effects in harmonic rf systems and
is responsible for the reduction in potential lifetime in-
crease. It does not depend greatly on the damping in the
rf cavity (i.e., NC or SC) because the effect relies only
on energy exchange between the beam and cavity and not
on dissipation. Therefore this needs to be investigated
carefully before designing an harmonic rf system for light
sources which are operated with an asymmetric fill pat-
tern. A systematic study of the transient effects for nor-
mal and superconducting harmonic cavities is presented in
Sec. IV.

C. Robinson instabilities

Here we show that the simulation code correctly mod-
els Robinson instabilities in the absence of any intrabunch
Landau damping. This is particularly important in this case
because the harmonic cavity must be tuned to the Robinson
unstable side of the rf harmonic to achieve bunch length-
ening, possibly exciting the ac Robinson instability if the
Robinson damping of the main rf cavities is exceeded. Fur-
thermore, because the dc Robinson instability depends on
the effective beam power loss, the additional beam power
dissipated in a passive harmonic system lowers the thresh-
old for a dc Robinson instability. Either instability may
occur if the harmonic cavities are tuned too close to the
third harmonic. In addition, the stability criterion can be
quite different in the presence of a substantial bunch syn-
chronous phase transient. Although these effects have been
discussed elsewhere [20], we show an example of an ac and
a dc Robinson instability to demonstrate the ability of the
code to correctly model these effects. This is important to
the study of transient effects because the Robinson insta-
bilities limit the tuning range of cavities.

Shown in Fig. 7a is an example of an ac Robinson
instability that was obtained with five cavities tuned to
984.3 3 f0 for a uniform filling. The growing synchrotron
oscillation corresponds to growth of the mode with all
bunches oscillating in phase. As mentioned above, the sta-
bility of this mode may be substantially increased if Lan-
dau damping is taken into account.

Figure 7b shows the evolution of the beam phase
obtained in uniform filling with two cavities tuned to
984.05 3 f0. Here, the focusing forces driven by the
rf generator are not sufficient to compensate the beam
driven voltage in both the main and the harmonic cavities,
and a stable phase no longer exists and the dc Robinson
instability is excited.
092001-6
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FIG. 7. (Color) Simulation results for a uniform filling with five
cavities in case of violation of the (a) ac Robinson stability
conditions with cavities tuned to hres � 984.3. (b) dc Robinson
stability conditions with cavities tuned to hres � 984.05.

IV. RESULTS

This section presents quantitative results from simula-
tion of passive NC and SC systems, active NC and SC sys-
tems, a beam compensation scheme, and an energy storage
cavity. In order to make as fair a comparison as possible
between the various cases, our approach has been to tune
the frequency of each cavity to its optimum settings for a
uniform filling pattern. We then evaluate the dependence
of the phase transient and bunch lengthening on the cav-
ity frequency. Thus all cases are compared with approxi-
mately the same total voltage.

A. Normal conducting cavities

In Sec. III B it was shown that a gap in the fill pattern in-
duces an irregular improvement in lifetime along the bunch
train. With five normal conducting harmonic cavities in-
stalled on the ALS ring, several tuning combinations have
been simulated with the goal of obtaining a maximum of
lifetime with a 17% gap in the fill pattern for a current of
400 mA. As explained in the previous section, with four
or five cavities operated in bunch lengthening, the beam
systematically becomes unstable before the required har-
monic voltage is reached, i.e., before substantial length-
ening is obtained. Figure 8a summarizes the results for
several working points making use of either two or three
harmonic cavities to achieve the desired harmonic volt-
age. For each operating point, the extremities of the ver-
tical bars and the marker in-between give the maximum,
minimum, and average lengthening factor within the bunch
train, respectively. The abscissa represents the total phase
transient along the bunch train.
092001-7
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FIG. 8. Lifetime improvement versus total bunch synchronous
phase transient computed for various operational conditions with
passive harmonic cavities on the ALS ring with a 17% gap at
400 mA. The error bars indicate the range of variation along
the bunch train. (a) Two and three NC cavities. (b) Three
ARES-type structures and (c) one SC cavity.

In these examples, the maximum gain in lifetime re-
mains below a factor 1.5 and the average does not even
exceed 1.42, which is lower than the factor 2.2 that can
be obtained for a uniform fill pattern. The gap in the fill
pattern induces a strong modulation of the harmonic volt-
age and phase around the optimum values which limits
the lengthening. The simulation also shows that the phase
transients increase with the number of harmonic cavities
in operation.

In the case of the ALS where only two or three harmonic
cavities are used for bunch lengthening, the remaining cav-
ities are tuned to minimize the interaction with the beam,
usually between rotation harmonics of a few rotation har-
monics away from the rf harmonic. This is referred to
as “parking” the cavities. Figure 9 shows how two cavi-
ties parked at hres � 986.5 and 981.5, respectively, modify
the transient beam loading, when three cavities are oper-
ated in bunch lengthening with hres � 984.32. One ob-
serves a modulation of the harmonic voltage at n 3 f0
along the bunch train if the parked cavities are tuned to
6�n 1 0.5� 3 f0 with respect to 3 3 frf. The ampli-
tude of this modulation is lower for larger n. However,
including the parked cavities in the simulations increases
the overall phase transient only from 0.24 to 0.27 rad and
does not significantly affect the gain in lifetime.
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FIG. 9. (Color) Influence of two parked cavities on the har-
monic voltage (full line) and phase (dotted line) with three har-
monic cavities tuned to hres � 984.32 and two harmonic cavities
parked at hres � 986.5 and 981.5, Ibeam � 400 mA.

B. Passive superconducting harmonic cavity

ELETTRA and SLS plan to install a passive SC har-
monic cavity in their ring, which has been developed in a
collaboration with the CEA [21]. Compared to NC cavi-
ties, SC cavities present several advantages. Only a single
SC cavity is required to provide enough harmonic voltage
to significantly lengthen the bunch, even at lower currents,
while dissipating only negligible power from the beam. A
harmonic SC cavity is tuned far from resonance where the
harmonic phase is close to optimum (�p�2) and the resis-
tive impedance at the beam harmonic is nearly zero. One
therefore expects less sensitivity to the ac Robinson insta-
bility. Moreover, modern SC cavities are designed with
strong higher order mode damping and the lower R�Q is
expected to induce less transients.

We performed simulations using ALS parameters for
several tunings of the ELETTRA/SLS harmonic cavity in
order to quantify the beam transients. Note that the simu-
lations require substantially more time to reach steady state
for the SC case because of the higher Q. The relevant
cavity parameters are R�Q � 87 V, Q � 2 3 108. Fig-
ure 8b summarizes the lifetime improvement and phase
092001-8
TABLE II. Comparison of transients from passive normal conducting and superconducting
cavities.

SC, one cell NC, one cell NC, three cells
Vharm (kV) hres Dftr (rad) hres Dftr (rad) hres Dftr (rad)

428 984.08 0.28 984.075 0.6 984.24 0.55
380 984.09 0.2 984.087 0.24 984.27 0.46
342 984.1 0.15 984.097 0.15 984.3 0.4
229 984.15 0.09 984.148 0.1 984.5 0.25
171 984.2 0.07 984.2 0.07 984.6 0.27
transients obtained for various tunings of the SC cavity. A
tuning according to hres � 984.2 or 984.15 is still far from
the condition for maximum bunch lengthening at 400 mA
and the gain in lifetime is only about 1.5. We observe
that the phase transients for a 17% gap are small and the
whole bunch train experiences nearly the same lifetime im-
provement. When the cavity is tuned closer to resonance,
substantial phase transients also appear with the SC cav-
ity. Even though some bunches in the train are significantly
lengthened, the average lengthening never exceeds a fac-
tor of 1.8. As compared to NC cavities, a SC cavity may
be operated with much less transient effects and yields a
larger average improvement in lifetime, primarily because
fewer cells are needed to achieve the optimum voltage.

Because of the high Q of SC cavities, it is natural to
imagine that the transient effects experienced with NC har-
monic cavities will not be a problem. However, as dis-
cussed earlier, it is only the R�Q which determines the
scale of the effect. We demonstrate this here by compar-
ing the results for a SC cavity with NC cavities for identical
beam parameters and for similar amounts of bunch length-
ening. The results are shown in Table II. We observe that
a SC and a NC cavity with the same R�Q � 87 V in-
duce almost the same phase transients (Dftr). Note that
the ratio of the Q for these two cases is �104. With an
R�Q � 3 3 87 V, the phase transients are increased by a
factor varying between 2 and 4. So, the lower the R�Q, the
smaller the transient effects. With respect to phase tran-
sients, SC technology has the great advantage that only
one harmonic cavity suffices to provide the necessary har-
monic voltage and that the total installed R�Q can be sev-
eral times smaller than for a standard NC solution. The
next section describes simulation results using an energy
storage cavity to reduce the R�Q for a NC structure.

C. Energy storage cavities

For KEKB, ARES-type NC cavities exhibiting low
R�Q have been implemented in order to minimize phase
transients [22]. They consist of three coupled NC cavities:
an accelerating cavity, a coupling cavity, and an energy
storage cavity. The latter one allows a fivefold increase in
Q of the accelerating mode while its shunt impedance R
is kept constant. The coupling cavity also strongly damps
the impedance of the parasitic coupled modes. We have
092001-8
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investigated how the transients could be reduced by means
of a passive third harmonic ARES-type structure for
the ALS. Here Rs � 1.7MV and Q � 105 000, which
yields an R�Q of 16.2 V. The simulation results shown
in Fig. 8b for three such cavities in the ring predict the
average lifetime improvement factor of up to 1.8, which is
as large a performance comparable with the best result for
a SC cavity. The differential lengthening within the bunch
train, however, is still not completely suppressed. A SC
cell with a comparable reduction in the R�Q would show
a practically equivalent performance with the ARES cells.

D. Transient compensation with beam

Since most synchrotron light users are not sensitive to
variations of the bunch intensity along the train, we have
investigated the effects of tailoring the fill pattern to par-
tially compensate for the beam loading transient.

The theoretical study of the beam loading transient for
nonuniform fills in the presence of a higher harmonic rf
system is extremely complicated, nonetheless simulations
can give some insight and suggest the best course of action.
Our idea was to concentrate the phase transient over a
smaller number of bunches while keeping the others at the
optimal phase as much as possible.

Figure 10 shows the effect of adding an additional
charge to 40 bunches at the head and the tail of the train.
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FIG. 10. (Color) Transient effects with a fill pattern which com-
pensates for the beam loading over a large fraction of the bunch
train. Average lifetime improvement is a factor of 2.1.
092001-9
The intensity of the remaining 192 bunches in the middle
has to be reduced to keep the total current at 400 mA. In
this particular case the higher current bunches have 47%
more current than the standard 1.47 mA for a uniform
fill and the reduced current bunches have therefore only
80% of the usual charge. The corresponding bunch phase
function is flat in the middle of the train and it is worth
noticing that the overall phase variation is smaller com-
pared to the uniform fill with a gap, though the reason for
this is not yet clear and still requires further investigation.

Since the Touschek lifetime is inversely proportional to
each bunch charge, it is obvious to expect a reduction in
the lifetime for the higher current bunches. This is true for
only part of them, as shown in Fig. 10c, and overall it is
more than compensated by the increased lifetime for all the
bunches in the middle of the train. The average lifetime
improvement is 2.09.

E. Active cavities

The main interest in using an active harmonic system is
to reach the conditions for maximum bunch lengthening
independent of the beam current. In this section, we apply
the tracking simulation to the same cases studied earlier
as passive cavities. We varied a number of parameters
including the harmonic cavity tuning, generator power, and
generator coupling. Figures 11a–11c give some of the
best results obtained in terms of lifetime improvement for
standard ALS NC cavities, a SC cavity, and ARES cavities,
respectively.

Our results showed that even for active cavities, sub-
stantial phase transients are observed with a 17% gap in
the fill at 400 mA. This is mainly due to the fact that a
substantial beam voltage is still present in the active case
and variations thereof have a similar effect as before. We
found we were able to phase the generator voltage in such
a way as to cancel the beam voltage. In this case, we were
able to almost completely eliminate the transients. Unfor-
tunately, this required an impractical amount of harmonic
power (.1 MW).

As shown in Fig. 11a, a single active harmonic cavity,
with a voltage limited to 125 kV, allows us to lengthen the
bunches by a factor of about 1.55, which is already more
than the factor of 1.42 achieved with two or three passive
cavities (Fig. 8a). The transient effects remain small. Two
active cavities would basically allow an operation closer
to the optimum voltage. However, the transient effects be-
come stronger, and only little improvement in average life-
time is obtained at the expense of a larger spread within
the bunch train. This surprising result arises simply be-
cause of the reduction of the transient effects. Although
the effective voltage is much lower than optimum, it is ap-
plied more uniformly to the bunch train and thus a higher
average lifetime increase is achieved.

In the case of the SC cavity, the comparison between
Figs. 8b and 11b shows that the external generator does not
092001-9
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FIG. 11. (Color) Lifetime improvement versus total bunch syn-
chronous phase transient computed for various generator powers
with active harmonic cavities on the ALS ring with a 17% gap
at 400 mA. (a) One and two NC cavities. (b) One SC cavity.
(c) Four ARES-type structures.

allow significant reduction of the transient effects. More-
over, because a SC cavity can still produce large harmonic
voltage at even low currents, there is less interest in the
implementation of an external harmonic generator. Four
actively operated ARES-type harmonic cavities give the
best results with respect to average lifetime improvement
with a factor of about 2.1 as shown in Fig. 11c.

V. CONCLUSIONS

Phase transients and subsequent differential lengthen-
ing within the bunch train have been computed for various
types of active and passive harmonic cavities by means
of a tracking simulation. It has been shown that the ad-
verse transient effects increase with the total R�Q of the
harmonic system. Normal conducting ARES systems us-
ing energy storage cavities to minimize the R�Q or a SC
cell with reduced R�Q yield the highest average lifetime
improvement in the presence of a gap in the fill pattern.
However, several cells would still be required to achieve
the desired voltage. In general, superconducting harmonic
cavities are less sensitive to transients than standard normal
conducting cavities and appear to give a better overall life-
time improvement compared with NC cavities. The most
promising method for compensating for the beam loading
transient appears to be a tailored fill pattern. Our example
of a 50% current increase at both ends of the bunch train
092001-10
appears to flatten the harmonic phase over a large fraction
of the bunch train and provide the best lifetime increase.
There may be even better solutions and we are still inves-
tigating whether these gains are possible given practical
considerations such as the achievable fill uniformity.

For normal conducting systems, an external generator
has two advantages. It allows bunch lengthening down to
low beam currents and helps reduce the impact of phase
transients on the gain in lifetime. However, for large beam
loading, an unreasonable amount of generator power is
needed to cancel the transient. For a superconducting cav-
ity, we believe a generator is of little interest for lifetime
improvements.
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