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A high-harmonic rf system is going to be installed in both rings of the DA�NE �-Factory collider
to improve the Touschek lifetime. The main goal of this paper is to study the impact of the 3rd harmonic
cavity on beam dynamics making a special emphasis on the dynamics of a bunch train with a gap. The
shift of the coherent synchrotron frequencies of the coupled-bunch modes has been estimated. In the
following we investigated the effect of magnification of the synchrotron phase spread and beam
spectrum variation due to the gap. Besides we simulated the bunch lengthening for different bunches
along the unevenly filled train and evaluated the Touschek lifetime enhancement taking into account the
obtained bunch distributions. Finally, the ‘‘cavity parking’’ option is discussed. It can be considered as a
reliable backup procedure consisting of tuning the cavity away from the 3rd harmonic frequency and in
between two revolution harmonics. It allows recovering, approximately, the same operating conditions
as were before the harmonic cavity installation.
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beam lifetime improvement since at voltages higher
than � 150 kV, the machine momentum acceptance is

There may be also other reasons for taking into con-
sideration rf harmonic systems. For instance, the large
I. INTRODUCTION

The Frascati �-Factory DA�NE [1] is a double ring,
high luminosity collider working at the energy of the
�-meson resonance (1.02 GeV in the center of mass).
The most relevant DA�NE parameters for luminosity
delivery to the KLOE experiment (runs of year 2002)
are summarized in Table I.

For low energy and high bunch current storage rings the
beam lifetime is dominated by the Touschek scattering
process [2]. Because of a scattering effect two particles
performing transverse betatron oscillations inside the
bunch can transform their transverse momenta into lon-
gitudinal ones. If the new longitudinal momenta are out-
side the momentum acceptance of the machine, the
particles are lost. The resulting beam lifetime is inversely
proportional to the number of particles in the bunch [3].

The Touschek effect is particularly harmful in DA�NE
because of the low beam energy and the large bunch
charge density necessary to get the required luminosity.
This effect leads to the production of beam induced
background and the necessity of frequent beam injections
because of the low beam lifetime. Increasing the DA�NE
beam lifetime is therefore one of the priorities in the
machine performance upgrade activity.

The DA�NE rf system can deliver a maximum accel-
erating voltage of � 300 kV, which is more than twice
the present operating rf voltages as reported in Table I.

However, we have found experimentally that the rf
voltage increase is almost ineffective for the DA�NE
1098-4402=03=6(7)=074401(11)$20.00 
presently limited by the small off-energy dynamic aper-
ture. Moreover, increasing the rf voltage also decreases
the natural bunch length, and, due to the high single-
bunch current, this pushes further the machine operation
in the microwave regime. As a matter of fact, we observed
experimentally that the DA�NE beam dynamics is more
critical at higher rf voltages [4].

The strategy to improve the DA�NE beam lifetime
consists of three steps.

(i) To increase the off-energy dynamic aperture by
improving the machine nonlinear model and, on its basis,
to optimize the sextupole and octupoles setups. This
study is well advanced [5].

(ii) To increase the energy acceptance by substantially
increasing the rf peak voltage.

(iii) To lengthen the bunches at this high peak voltage
of the main rf system by means of a high-harmonic
voltage up to the limit imposed by the hourglass effect
in beam-beam collisions.

We expect also that the last step will increase the
single-bunch microwave instability threshold, since the
natural bunch length with the harmonic voltage is higher.

According to the above strategy, a harmonic rf system
based on a normal conducting, single-cell 3rd harmonic
cavity powered by the beam (passive mode) has been
designed and built and is going to be installed in both
DA�NE rings [6].

Studies, installations, and the operation of harmonic rf
systems for storage rings for lifetime improvement are in
progress also in a number of different laboratories [7–12].
2003 The American Physical Society 074401-1



TABLE I. DA�NE parameters (KLOE runs 2002).

Energy E (MeV) 510

Maximum beam current IM (A) 1.2 (presently)
1.4–1.7 (goal)

Number of colliding bunches Nb 47–51

Maximum current per bunch Ib (mA) 25 (presently)
30–35 (goal)

rf frequency frf (MHz) 368.29
rf voltage Vrf (kV) 100–150
Harmonic number h 120
Bunch spacing Tb (ns) 5.43 ( � 2=frf)
Synchrotron losses Er (keV=turn) 9.3

Parasitic losses Ep (keV=turn) � 2:5 (@Ib � 20 mA, e� ring)
� 4:5 (@Ib � 20 mA, e� ring)

Momentum compaction �c � 0:034
Natural bunch length �z0 (cm) � 1:6 (@Ib � 0 mA, Vrf � 120 kV)
Natural bunch energy spread �E=E 3:9 � 10�4

Bunch length (lengthening regime) �z (cm) � 2:4 (e�, @Ib � 20 mA, Vrf � 120 kV)
� 2:8 (e�, @Ib � 20 mA, Vrf � 120 kV)

Vertical to horizontal emittance coupling � � "y="x � 0:2%
Vertical beta function @ IP ��

y (cm) � 3
rf acceptance "rf=E � 0:55% (@Vrf � 120 kV)
Beam lifetime �T (s) � 1000–2000
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nonlinear term introduced in the longitudinal machine
dynamics tends to weaken the coherent effects through
the Landau damping mechanism and may be therefore
beneficial to both the single and coupled-bunch dynamics.

The use of rf harmonic systems in the shortening
regime has been also suggested for luminosity upgrade
of the existing ‘‘factory’’ colliders [13]. In this case ultra-
low � insertions in the interaction regions are required,
and this calls for very short bunches. The use of harmonic
voltages to increase the total rf slope over the bunch may
help to meet this requirement.

However, the harmonic voltage also perturbs other
aspects of the longitudinal dynamics and may affect
the beam stability and overall storage ring performance.

In the present paper we discuss the expected perform-
ance of the system and evaluate its impact on the longi-
tudinal beam dynamics. Particular attention is given to
multibunch dynamics of beams with bunch patterns with
a gap to avoid ion trapping in the electron ring.

The paper is structured as follows. The choice of the
design parameters of the DA�NE rf harmonic system is
discussed in Sec. II. Section III gives a detailed analysis
of the most relevant beam dynamics aspects. In particu-
lar, in Sec. IIIA the shift of the coherent synchrotron
frequencies of the coupled-bunch (CB) modes for a uni-
form filling pattern is calculated, which may lead to a
destructive instability whenever any of them approaches
zero. The spread of the synchronous phases for the opera-
tion with a gap in the beam filling pattern is calculated
and discussed in Sec. III B, while the results of bunch
074401-2
lengthening simulations for different bunches along the
train are given in Sec. III C. The presence of a gap in the
bunch filling pattern produces a large spread in parasitic
losses and synchronous phases. As a consequence, the
Touschek lifetime gain is not uniform over the train;
different bunches will collide at different interaction
points (IPs) and the synchronization of the bunch-by-
bunch feedback systems may be affected.

Evaluation of the ultimate expected performances in
terms of Touschek lifetime improvement is reported in
Sec. IV, taking into account the simulated bunch length.
The so-called ‘‘parking option,’’ consisting of tuning the
cavity away from the 3rd harmonic frequency and in
between two revolution harmonics, is considered and
illustrated in Sec. V.
II. RF CONFIGURATION FOR LIFETIME
IMPROVEMENT

The Touschek lifetime can be improved by using
the harmonic voltage to lengthen the bunch and/or
by increasing the rf voltage to enlarge the energy accept-
ance [14].

In DA�NE the bunch length depends on the bunch
current (lengthening process), due to the interaction
with the machine short-range wakefields (i.e., the ma-
chine broad-band impedance) [15]. Presently, as reported
in Table I, the bunch lengths at typical operating condi-
tions are 2.4 and 2.8 cm in the e� and the e� rings,
respectively. The bunch length difference between the
074401-2
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two rings is explained by the higher broad-band imped-
ance in the e� ring due to the presence of ion clearing
electrodes. A model of the DA�NE short-range wake-
fields not including the contribution of the ion clearing
electrodes predicts with good accuracy the lengthening
process in the e� ring [16].

In the near future the typical current per bunch in
operation should be increased from 20–25 mA (present
values) to 30–35 mA, in order to increase machine lu-
minosity. Single-bunch measurements already performed
on the two rings at the present operational rf voltage
( � 120 kV) show that the bunch lengths at 35 mA are
� 2:8 and 3.3 cm in the e� and the e� rings, respectively.
These values are already at the limit allowed by the
present value of the vertical � function at the IP (hour-
glass effect). This means that, with the present machine
setup, there is no chance of lengthening further the bunch
without affecting machine luminosity.

Therefore, the only possible strategy to improve the
lifetime is based on the energy acceptance increase,
which can be obtained by increasing the peak voltage
of the main rf system. In this case the harmonic voltage is
used to reduce the total rf slope at the bunch center in
order to keep the bunch length near the hourglass limit.

A possible choice of the parameters of both main and
harmonic rf systems based on the previous considerations
is shown in Table II.

The 3rd harmonic of the main rf frequency has been
chosen as a working frequency of the DA�NE harmonic
cavity as a good trade-off between efficiency and com-
pactness requirements.

Since a very moderate harmonic voltage is required
(VH � 56 kV), while the stored multibunch current in
operation is quite large (already in the 1 A range and
hopefully higher in the near future), it is straightforward
to generate the harmonic voltage from the passive beam
excitation of one cavity per ring. The passive option is far
less complicated and expensive compared to the active
one, and it does not present major drawbacks from the
beam dynamics point of view. The optimization of the
accelerating mode shunt impedance is not mandatory in
TABLE II. Proposed DA

Main rf voltage

Main cavity shunt impedance Rs �

Main cavity Q factor
Main cavity input coupling factor
rf harmonic frequency f
rf harmonic voltage
Harmonic cavity shunt impedance RH �

Harmonic cavity Q factor
Natural bunch length
Bunch length (lengthening regime)
rf acceptance
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this case, and the cavity design has been mainly aimed at
higher order modes (HOM) suppression. The DA�NE
harmonic cavity design, construction, and test activities
are reported elsewhere [6]. The shunt impedance of this
cavity is quite low ( � 480 k�). This will require extra rf
power to the main rf system, which is not an issue in our
case. On the other hand, the lower the shunt impedance is,
the weaker the coherent effects are.

In the following we will assume that the harmonic
cavity is properly tuned between the revolution harmon-
ics 3h and 3h � 1 to get the voltage at any operating value
of the beam current. This means

VH � �I3hZH�3h!0� �
�I3hRH

1 � jQH�H
) jVHj

� jI3hj
RH����������������������������

1 � �QH�H�
2

p ; (1)

’H � �VH

� �" � arctan�QH�H� � �
"
2
� arctan

�
1

QH�H

�
;

(2)

where I3h is the 3h line of the unilateral beam spectrum,
ZHis the harmonic cavity impedance, and �H �
3h!r=!H � !H=�3h!r� is the harmonic cavity detuning
parameter (!H being the resonant angular frequency of
the harmonic cavity and !r the revolution angular fre-
quency). This harmonic voltage can be obtained at vari-
ous operating currents by setting the cavity detuning
according to

QH�H � �

�������������������������������
jI3hjRH

jVHj

�
2
�1

s
: (3)

Tuning the cavity above the 3h revolution harmonic (i.e.,
negative values of the �H parameter) provides the right
phasing with respect to the main rf voltage to lengthen
the bunches. One may also notice that for typical operat-
ing currents (I � 1 A), the absolute value of the QH�H
product is larger than 10. This means that the impedance
�NE rf parameter set.

Vrf (kV) 200

V2=2Prf (M�) 1.9
Q0 31 500
� � 4:6

H (MHz) 1104:87 � 3frf

VH (kV) 56
V2=2PH (M�) 0.48

Q0H
18 500

�z0 (cm) � 2:5 (@Ib � 0 mA)
�z (cm) � 3:1 (@Ib � 35 mA)

"rf=E � 0:7%
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FIG. 1. (Color) Total rf voltage and potential well.
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of the harmonic cavity sampled at the 3rd harmonic
frequency ZH�3h!r� is mainly reactive and produces a
harmonic voltage that is almost completely out of phase
with respect to the beam. Plots of the main and harmonic
voltages and their sum, together with the resulting poten-
tial well, are shown in Fig. 1 at QH�H � �25.

The ‘‘natural’’ and ‘‘lengthened’’ bunch profiles over
the total rf voltage are shown in Fig. 2. The natural bunch
profile is obtained by solving the Haissinski equation [17]
neglecting the machine short-range wakefields. The
lengthened profile is obtained from a multiparticle track-
ing simulation that includes the wakefields [18].
FIG. 2. (Color) Bunch profiles.
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In conclusion, the proposed rf working point should
provide a bunch length close to the hourglass limit, with
an energy acceptance � 30% higher with respect to the
present DA�NE operating conditions. In addition, since
the harmonic voltage makes the natural bunch length
much larger, the lengthening process is less pronounced,
which indicates that microwave effects and single-bunch
dynamics are relaxed.
III. BEAM DYNAMICS WITH THE HARMONIC
CAVITY

A. Shift of the coherent synchrotron frequencies of the
coupled-bunch modes (uniform filling pattern)

One of the beam dynamics aspects that has to be
investigated while designing the rf harmonic system is
the shift of both the real and imaginary parts of the
coupled-bunch coherent synchrotron frequencies coming
from the interaction between the multibunch beam and
the harmonic cavity impedance. Analytic treatment of
this problem is possible only for uniform filling patterns
(equal and equidistant bunches) [19,20]. We consider then
Nb equidistant bunches (in this case Nb must be a sub-
multiple of the harmonic number h). For the rigid
coupled-bunch mode n (0 � n � Nb � 1) the coherent
synchrotron angular frequency !c can be computed ac-
cording to
�!c=!i�
2
n � 1 �

2I�c

!2
i 2"hE=e

X
p�iNb
n
'c

pZi�p!r�e
��p!r�t�

2
; i � any integer; (4)
where E=e is the beam energy in eV units, 'c � !c=!r is
the coherent synchrotron tune, �t is the rms bunch length
in time units, Zi is the imaginary part of the machine
impedance, while !i is the incoherent synchrotron angu-
lar frequency and is given by

!2
i � !2

rf�c
Vrf sin’s � 3VH sin’H

2"hE=e
: (5)

In the previous expression for !i the contribution of the
harmonic voltage is already included, and !i is the fre-
quency of the synchrotron oscillations of particles at
small amplitudes in the potential well due to the combi-
nation of main and harmonic voltages.

The shift of the coherent frequency of the CB modes is
due to the interaction between the beam spectrum side-
bands of the bunch coherent motion and the imaginary
part of the machine impedance. In our calculations we
consider only the contribution of the accelerating modes
of the main and harmonic cavities to the machine imped-
ance. As shown in Fig. 3, the most affected coupled-
bunch modes are those having their sidebands close to
the resonant frequencies of the main and harmonic cavity
accelerating modes, that is CB modes ‘‘0,’’ ‘‘1,’’ and
‘‘Nb � 1.’’ The ratio between coherent and incoherent
values of the synchrotron frequencies for modes 0, 1,
and Nb � 1 as a function of the stored current is shown
in Fig. 4. The mode 0 is the most perturbed one, since it
interacts with the impedance of both main and harmonic
074401-4



FIG. 3. (Color) Cavity impedances and CB mode sidebands.
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cavities and, if its coherent frequency becomes too
small, the beam can become unstable (2nd Robinson
limit). To avoid this a large detuning of the main rf cavity
must be provided (’z � 50�), and this condition corre-
sponds to an inefficient operation of the main rf system
( � 60% of rf power reflected at the cavity input coupler).
However, this is a conservative estimate since it is based
on a linear theory and the effects of the large nonlinearity
of the longitudinal focusing force are not taken into
account.

The problem of the mode 0 coherent frequency shift
can be relaxed by implementing a direct rf feedback
around the rf system [21] that reduces the imaginary
impedance sampled by the mode 0 sidebands and, as
consequence, the shift of the mode 0 coherent frequency.
The expected shift of the coherent frequencies of modes 1
FIG. 4. (Color) CB modes frequency shift.
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and Nb � 1 is much smaller, while it is almost negligible
for the other coupled-bunch modes. With the exception of
mode 0, which is damped by a dedicated feedback system
as well as by the Robinson mechanism, the frequencies of
all the CB modes remain inside the operational band-
width of the DA�NE bunch-by-bunch longitudinal feed-
back system (LFB system) [22] that keeps the beam stable
in the longitudinal plane.

Damping rates of modes 0 and Nb � 1 and the growth
rate of mode 1 coming from the interaction between
coherent sidebands of the coupled-bunch modes and the
impedances of the accelerating modes of both the main
and the harmonic cavities are shown in Fig. 5. The
expected growth rate of mode 1 is much smaller than
the typical damping rate provided by the DA�NE LFB
system ( � 10 ms�1).
FIG. 5. (Color) CB modes growth and damping rates.
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B. Operation with a gap in the bunch filling pattern:
spread of the synchronous phases

The modal expansion which is the base of the theory
used in the previous paragraph to calculate the coherent
frequency shifts is completely appropriate only in the
case of multibunch beams with uniform filling pattern
(same charge and shape of each bunch and no gaps along
the pattern). This condition cannot be fulfilled in
DA�NE, since a gap of 15%–25% in the filling pattern
is required in the e� ring to prevent ion trapping. The
analytic results obtained from the theory must be inter-
preted as an indication and have to be validated by
numerical simulations.

A multibunch tracking code to study the machine
longitudinal dynamics has been developed since the
very early phase of the DA�NE machine design and
continuously upgraded through the years [23]. The
bunches are modeled as macroparticles and tracked turn
by turn in the longitudinal phase space including the
following:

(i) Basic features of the machine lattice, such as mo-
mentum compaction factor and radiation damping.

(ii) Narrow-band machine impedances, in terms of a
set of resonant modes, each identified by its resonant
frequency, impedance, and Q factor.

(iii) LFB system, including realistic models for the
front-end, digital filtering, and back-end hardware.

(iv) Main rf cavity, including a realistic model of the
whole rf system and feedbacks.

The passive harmonic cavity is modeled just as a
peculiar narrow-band impedance of the machine.

Results from tracking simulations of uniformly filled
multibunch beams are in very good agreement with the
theory. However, when a gap is introduced in the bunch
filling pattern, the situation described by the tracking
code is strongly perturbed. In the presence of a gap a
head and a tail of the bunch train can be identified. The
long-range wakes sampled by each bunch depend on the
bunch position along the train. This generates a spread of
the parasitic losses along the train and, as consequence, a
spread of the synchronous phases of the bunches. This
effect is already evident in DA�NE, but, due to the large
linear range of the rf voltage, it does not significantly
affect the synchrotron frequency and the shape of each
bunch.

The effect is largely magnified by the harmonic volt-
age. In this case the long-range wakes include the
contribution due to the harmonic cavity accelerating im-
pedance, and the parasitic loss spread increases. But the
total rf voltage (main cavity � harmonic cavity) has very
little slope around the synchronous phase and is also
strongly nonlinear. The result is that the parasitic loss
spread is converted in a large synchronous phase spread.

This effect can be also conveniently described in the
frequency domain. Because of the gap in the filling pat-
tern, the beam spectrum contains all the revolution har-
074401-6
monics, and the beam current can be expressed by its
Fourier expansion:

i�t� � Re

�X�1

k�0

Ikejk!rt

�
: (6)

In the ideal case, with no gap in the pattern, only the
harmonics of the bunch repetition frequency (‘‘powerful’’
harmonics) would be present (k � ihTrf=Tb, i any inte-
ger). Actually, because of the gap, the other lines are also
present, and the total accelerating voltage is given by

VT�t� � Vrf cos�!rft � ’s�

� VH cos�3!rft � ’H� � VNH�t�; (7)

with

VNH�t� � Re

�
�

X
k�h;3h

IkZ�k!r�e
jk!rt

�
; (8)

where Z�!� is the ring impedance, which is mainly given
by the two narrow-band contributions of the rf cavity and
harmonic cavity accelerating modes. In the previous ex-
pression the total voltage VT�t� is represented as a sum of
three terms. The first one is the main rf voltage, which is
actively excited by the rf system; the second term is the
harmonic voltage, which is passively excited by the beam
with an amplitude that can be varied by changing the
harmonic cavity tuning. The third term VNH�t�, contrary
to the previous two, has only the revolution periodicity,
which means that it produces a constant voltage over a
given bunch, but different voltages over different bunches
in the train. We indicate this term as the ‘‘nonharmonic’’
voltage, and the parasitic loss spread is the spread of the
nonharmonic voltage values as sampled by the bunches
along the train.

Results of the tracking simulation comparing the
present DA�NE working point to the one proposed for
implementing the harmonic cavity are shown in Fig. 6. In
these simulations a train of 47 bunches spaced by two rf
periods with a gap of � 22% with a total current of 1.2 A
is considered. The long-range wakes in the simulations
are generated only by the accelerating modes of the main
and harmonic cavities. In Fig. 6 dots represent the posi-
tions of the macroparticles distributed over the sum of the
main and harmonic voltages. It may be seen that the
spread of parasitic losses and synchronous phases grow
by a factor of � 2:4 and � 5:8, respectively, when the
harmonic cavity is inserted.

The synchronous phase as a function of the bunch
number for a train of 47 bunches spaced by two rf periods,
including the effect of the harmonic cavity, and for total
current values of 0.8, 1.2, 1.6, and 2 A are shown in Fig. 7.
The synchronous phase variation is almost linear along
the train and varies from � 180 to � 320 ps, accordingly
to our multibunch tracking simulations.
074401-6



FIG. 6. (Color) Bunch position over the rf voltage.

FIG. 8. (Color) Spectra of the beam with a gap in the filling
pattern.
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It is also noticeable that the displacement of the bunch
positions from a common synchronous value produces a
significant distortion of the beam current spectrum. As
an example, the spectra of the macroparticle beam cur-
rent in the two cases reported in Fig. 6 are compared in
Fig. 8. Since the basic bunch spacing is obtained by filling
every other bucket, the beam spectrum peaks around the
frequencies nfrf=2 (powerful harmonics).

A large head-tail displacement of the bunch synchro-
nous phases produces a modulation of the powerful har-
monics and a distortion of the revolution harmonics
around them. It was surprising to find that in this case
the intensity of the line 3h (the beam spectrum line
powering the 3rd harmonic cavity) is comparable with
that of the adjacent line (3h � 1). It is worth mentioning
FIG. 7. (Color) Synchronous phase spread for various currents.
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that, as long as the phase variation along the train is
almost linear, a simple expression to compute the ampli-
tude of the beam spectrum lines can be used. In this case
we can assume that the time delay %Tn of the nth bunch of
the train (0 � n � Nb � 1, Nb total number of bunches)
with respect to the main rf voltage is given by

%Tn � %T0 � n%T; (9)

and the amplitude of the kth line of the beam spectrum is
given by

Ik � I
sin�kNb=2�2"m=h � !r%T��
Nb sin�k=2�2"m=h � !r% T��

e��k!r�t�
2=2; (10)

where I is the total beam current, m � Tb=Trf is the ratio
between the bunch spacing and the rf period, and �t is the
rms bunch length in time units.

The total voltage and the nonharmonic voltage around
bunches 1, 12, 24, 36, and 47 are plotted in Fig. 9 for a
beam of 1.6 A in 47 bunches. The nonharmonic voltage
sampled at the position of the bunch centroid sets the
bunch parasitic loss individual value. The shape of the
nonharmonic voltage over the bunch is an additional
perturbation of the potential well that has to be taken
into account to compute the bunch natural and lengthened
profiles. In particular, it may be observed that the bunches
at the edge of the train seat close to maxima or minima of
the nonharmonic voltage and their potential well are
almost unperturbed. On the contrary, the phase of the
nonharmonic voltage is almost opposite to that of the 3rd
harmonic voltage over the central bunches of the train, so
that the lengthening effect is weakened.

C. Lengthening of bunches along the train

Since the bunch centroids occupy different positions
along the total rf voltage (which is largely nonlinear) and
since the nonharmonic voltage has a different form over
the bunches, each bunch seats at a different rf slope and
ends up with its own synchrotron frequency and charge
distribution. So, each bunch has its own natural length, its
074401-7



FIG. 9. (Color) Total voltage and the nonharmonic voltage on the bunches along the train with a gap.
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equilibrium profile (in the lengthening regime) thus de-
fining its own Touschek lifetime.

The natural and lengthened profiles of bunches 1, 12,
24, 36, and 47 are shown in Fig. 10 calculated for a beam
of 1.6 A distributed over 47 bunches ( � 34 mA per
bunch). The positions of the bunch centroids have been
obtained from the macroparticle tracking, while the pro-
files have been obtained from the multiparticle tracking.
The rms bunch length and the incoherent synchrotron
frequency as a function of bunch number are reported
in Fig. 11 for the beam parameters of Fig. 10. It may be
seen that the bunches in the central part of the train do not
reach the design length. This is because the rf slope over
the central bunches is increased by the nonharmonic
voltage contribution.

A large spread of the synchronous phases is cumber-
some at least from two points of view. First of all, the
position of the IP changes from bunch to bunch which
may cause problems to the experiments as well as lumi-
nosity degradation if some bunch centroids collide sig-
nificantly apart from the waist of the vertical � function.
One could argue that, provided the synchronous phase
spread is equal in the two beams, the IP positions remain
fixed and only the collision times vary with respect to the
rf clock. But there is little hope that the synchronous
FIG. 10. (Color) Natural and lengthened profile
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phase spread will be equal in the two rings, since in
each ring it is generated by the long-range wakefields
associated with all machine HOMs. As a matter of fact,
we already observed a substantial difference in the bunch
phase spread between the two rings in the present opera-
tion, which is probably due to a difference in the HOM
distribution in the two e� and e� ring rf cavities (whose
internal profile is not exactly equal).

The impact of the bunch phase spread on the opera-
tional efficiency of the DA�NE LFB system is the second
worrying aspect. The LFB is a synchronous system timed
on the rf clock. In particular, the front end works at 6frf ,
while the back end (the part of the hardware dedicated to
properly kick each bunch) works at 3:25frf . Both hard-
ware sections will suffer from an excessive phase devia-
tion of the bunch from a common equilibrium value. In
particular, the front-end phase detector has only a limited
dynamic range, which can be spoiled by an excessive
phase spread, while the back-end section cannot be prop-
erly phased on all the bunches.

The tracked oscillations of bunches 1, 24, and 47 for a
beam current of 1.6 A distributed over 47 bunches (every
other bucket filling) with and without LFB are shown
in Fig. 12. It may be seen that the damping of the LFB is
still necessary, even though we know that it cannot be
s of the bunches along the train with a gap.
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FIG. 11. (Color) rms bunch length and bunch incoherent syn-
chrotron frequency along the train.
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effective on the bunches near the train edges because of
the off time of both the front-end and back-end sections.
In this case the beam is kept stable by the cooperation of
LFB and Landau damping.

It might be asked whether there is a way to limit the
spread of the synchronous phases or, at least, some of its
effects. In the e� ring only it is possible to remove the
spread by removing the gap in the filling pattern. This
will increase the average beam current, increasing the
background production but not the luminosity, since the
extra bunches closing the gap have no ‘‘partner’’ bunches
in the other beam. Nevertheless, this kind of operation
may have some advantages like a better average lifetime
of the e� beam and a less critical operation of the e� LFB
system.
FIG. 12. (Color) Tracked oscillations of bunches (Ib

074401-9
The criticality of the LFB system operation could be
possibly reduced even without removing the gap. In this
case one should, in principle, synchronize the system on a
linearly phase modulated rf tone, to follow the phase
displacement from bunch to bunch. A solution of this
kind seems to be feasible from a technical point of view.

IV. EXPECTED IMPROVEMENT IN TOUSCHEK
LIFETIME WITH THE 3RD HARMONIC CAVITY

The beam lifetime due to Touschek scattering has been
calculated in Gaussian bunch approximation assuming
that the limiting acceptance for the relative momentum
deviation is given by the minimum between the rf accept-
ance and the transverse physical aperture of the machine
[24]. The limitations coming from the finite dynamic
aperture are not included in these calculations.

The estimated lifetimes are plotted in Fig. 13. In the
plot the bunch lifetimes with the harmonic cavity are
normalized to those calculated in the present operation
conditions (Vrf � 110 kV) and with Vrf � 200 kV (with-
out harmonic cavity) for two different bunch currents (17
and 34 mA). Considering the cases with no gap, it is
important to observe the following:

(i) All bunches have the same lifetime because they
have the same charge distribution.

(ii) There is an improvement of � 90% and � 75% in
the lifetime with a bunch current of 17 and 34 mA,
respectively. This improvement is given by the enlarge-
ment of the energy acceptance and by the fact that the
bunch is longer.

(iii) In the case of 34 mA=bunch the improvement is
reduced because the lengthening process without the
harmonic cavity is more pronounced.

In the presence of a gap, because of the different charge
distributions, each bunch has its own lifetime. Also in this
case, however, the average beam lifetime improvement is
� 1:6 A into 47 bunches) with LFB on and off.
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FIG. 15. (Color) Synchronous phase spread (Ib � 1:6 A into
47 bunches) for various %n.

FIG. 14. (Color) Coherent CB mode frequencies and growth
rates vs beam current, %n � 2:5.

FIG. 13. (Color) DA�NE Touschek lifetime improvement with
the harmonic cavity.
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� 80% and is lower for the central bunches of the train
that are shorter.

Similar considerations can be done in the case of Vrf �
200 kV. In this case the improvement is given only by the
fact that the bunch is longer because the energy accept-
ance is almost the same ( � 0:75%).

The computed lifetime improvements do not take into
account the limitations in the momentum acceptance
coming from the dynamic aperture. From this point of
view, the computed improvements have to be assumed as
limit values if the dynamic aperture could be increased at
a level where it becomes not relevant in the Touschek
process.

V. THE CAVITY DETUNING (PARKING)
OPTION

As discussed in the previous paragraphs, the imple-
mentation of the harmonic cavity presents beneficial as-
pects such as lifetime and Landau damping increase, but
also produces other effects like the amplification of the
synchronous phase spread, whose impact on the collider
performance is not completely predictable. A backup
procedure consists of tuning the harmonic cavity in
between two revolution harmonics sufficiently away
from the 3h lines [for instance, !H � �3h � %n�!r,
%n � 1:5, 2.5, and 3.5]. This option is the so-called
‘‘cavity parking.’’ In this way the harmonic voltage is
very low and the interaction of the cavity impedance with
the beam is minimized (but still significant). By ‘‘park-
ing’’ the harmonic cavity one expects to recover the
operating conditions existing before the harmonic cavity
installation. The plot of the coherent CB mode frequen-
cies and of the incoherent synchrotron frequency vs the
beam current for %n � 2:5 is reported in Fig. 14. It can be
seen that the frequency shifts are small enough to con-
sider the perturbation negligible. The synchronous phase
074401-10
spread for a current of 1.6 A distributed over 47 bunches is
shown in Fig. 15 for %n � 1:5, 2.5, and 3.5. It may be seen
that the phase deviation is not linear anymore with the
bunch position along the train, while the total spread is
even smaller than the value expected at the same current
without harmonic cavity. This is not surprising, since it
may be demonstrated that, provided that j%nj > 1, there
is a partial compensation of the wakes generated by the
accelerating mode impedances of the main and harmonic
cavities.

VI. CONCLUSIONS

The 3rd harmonic passive rf system will be installed in
both collider rings of the �-Factory DA�NE to improve
074401-10
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the beam Touschek lifetime. For this purpose we plan to
increase the energy acceptance of the machine by increas-
ing the rf peak voltage and to lengthen the bunches at this
high peak voltage by means of the harmonic voltage up to
the limit imposed by the hourglass effect in beam-beam
collisions.

We have evaluated that the use of the harmonic cavity
in the lengthening regime can improve the Touschek life-
time of the DA�NE beam up to � 80% with respect to
the present operating conditions. The simulations have
shown that the microwave lengthening process is less
pronounced in this case. Besides, we expect the enhance-
ment of the Landau damping due to the large nonlinearity
of the harmonic voltage which should relax the single and
multibunch dynamics.

However, by analyzing the beam dynamics we have
found that the harmonic system can introduce a few
undesirable effects. The presence of a gap in the bunch
filling pattern will produce a large spread in parasitic
losses and synchronous phases (thus modifying also the
beam spectrum). As a consequence, different bunches
will collide at different IPs and the synchronization of
the bunch-by-bunch feedback systems may be affected.
Moreover, as we have seen in numerical simulations, the
bunch charge distribution changes for different bunches
along the train and the Touschek lifetime gain is not
uniform over the train. The actual tolerability of such
effects cannot be exactly predicted since it depends on
the eventual operating conditions (such as the gap width,
for example). That is why we have foreseen the ‘‘parking
option’’ (consisting of tuning the cavity away from the
3rd harmonic frequency and in between two revolution
harmonics) which allows recovering substantially the
operating condition before the harmonic cavity installa-
tion and can be considered as a reliable backup procedure.
Moreover, in the parking option the synchronous phase
spread is compressed by a long-range wake compensation
effect, and the very moderate harmonic voltage still
present is expected to increase Landau damping in the
longitudinal dynamics.
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