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Abstract

In the Diamond Light Source storage ring, the vertical
emittance is kept at 8 pm rad during operation to maintain
the source brightness for the users. This is achieved by a
feedback which modifies the skew quadrupole strengths, but
has disadvantages such as the introduction of betatron cou-
pling and vertical dispersion. For the proposed Diamond-II
upgrade, the storage ring will have a much smaller horizon-
tal emittance, meaning a significantly larger coupling would
be required to reach the target vertical emittance, negatively
affecting the off-axis injection process. To solve this prob-
lem, a feedback using the transverse multibunch feedback
striplines to drive the beam at a synchrotron sideband is
planned. By driving the beam resonantly in this way, the
emittance can be increased without modification of the op-
tics. This paper describes simulations of the effects of linear
and non-linear optics on the excitation as well as the impact
of the machine impedance for the Diamond-II storage ring.

INTRODUCTION

In synchrotron light storage rings, the emittance of the
beam must be controlled during operations to stabilise the
source brightness and lifetime for users as conditions vary
due to long-term drifts and insertion device (ID) gap move-
ment. At the existing Diamond storage ring, the vertical
emittance is kept at 8 pm rad by a feedback which modi-
fies the skew quadrupole strengths [1], but this introduces
betatron coupling and vertical dispersion. An upgrade of
the ring is planned [2] to significantly reduce the horizontal
emittance, meaning the new Diamond-II storage ring will
require a larger coupling to reach the same vertical emit-
tance, affecting the off-axis injection. Studies at BESSY II
and MAX IV [3–6] have shown that the emittance can be
blown up by driving the beam at a synchrotron sideband.
The purpose of those studies was to increase the emittance
of a single bunch to provide light for timing users while
operating with a multi-bunch fill pattern [7], but at Diamond
the same method is planned to be used for an emittance
feedback acting on all bunches without affecting the optics.
The emittance will be measured using the existing pinhole
cameras and then the feedback will adjust the gain of an
excitation from the multi-bunch feedback striplines, to keep
the emittance at the target value. The vertical emittance will
first be corrected to a few pm rad using LOCO [8] and then
increased to 8 pm rad with the emittance feedback. This
paper presents simulations of the effect of linear and non-
linear optics as well as impedance on the optimal excitation
frequency for the Diamond-II storage ring.
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SIMULATION SETUP
Simulations were performed in Elegant [9, 10] including 

broadband impedance given by the sum of the resistive-wall 
and geometric contributions [11]. A bunch of 1,000 particles 
was tracked to equilibrium using a one-turn map including 
radiation damping, quantum excitation and non-linear optics 
terms (second and third order chromaticity, and amplitude-
dependent tune shifts). The bunch was excited vertically 
using a zero-length kicker with a sinusoidal kick angle given 
by

� = � cos(2���) (1)

where � is the maximum kick angle, � the excitation fre-
quency and � the arrival time at the kicker.

SIDEBAND DISTORTION

Figure 1 shows the beam oscillation and size as a function
of excitation frequency. The symmetry of the synchrotron
sidebands is broken by the impedance and non-linear terms.
The impedance widens and shifts them closer to the tune
while the non-linear terms narrow the lower sidebands.
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Figure 1: Beam oscillation and size as a function of excita-
tion frequency due to linear chromaticity, non-linear terms
and impedance at nominal bunch current 0.32 mA and ver-
tical chromaticity 2.33 for a kick angle of 50 nrad. Black
lines mark the nominal positions of the vertical betatron tune
(solid) and synchrotron sidebands (dashed).
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IMPEDANCE EFFECTS

Transverse

Figure 2 shows how the beam oscillation and size vary
with current due to transverse impedance. The effect comes
from the vertical impedance as the horizontal contribution
has no impact. At the upper synchrotron sidebands, the beam
oscillation and size decrease with current while the opposite
is true at the lower sidebands. It is also seen that the tune
peak bifurcates and becomes weaker with current, for both
the beam oscillation and size. Typically, the first synchrotron
sidebands produce the greatest increase in size to oscilla-
tion compared to the second sidebands, but with increasing
current, the second lower sideband also produces a large
increase in beam size and maintains a comparatively small
oscillation, making it a potential candidate for excitation.
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Figure 2: Beam oscillation (top) and size (bottom) as a
function of current due to transverse impedance at vertical
chromaticity 2.33 for a kick angle of 50 nrad. Non-linear
terms and longitudinal impedance are not included.

Longitudinal

Figure 3 shows how the beam oscillation and size vary
with current due to longitudinal impedance. The upper and
lower synchrotron sidebands demonstrate similar behaviour
and shift closer to the vertical betatron tune, while becoming
broader as the bunch current is increased.

Transverse + Longitudinal

Figure 4 shows the ratio of the beam size to the oscillation
including both transverse and longitudinal impedance to
highlight how the optimal excitation frequency changes with
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Figure 3: Beam oscillation (top) and size (bottom) as a
function of current due to longitudinal impedance at vertical
chromaticity 2.33 for a kick angle of 50 nrad. Non-linear
terms and transverse impedance are not included.

current. For low current, the first lower synchrotron sideband
produces the largest ratio, but at nominal bunch current (0.32
mA) the first upper sideband becomes better. The figure
also shows that the sidebands are sensitive to changes in
linear chromaticity. The first upper synchrotron sideband is
the best candidate at chromaticity 1, becoming broader at
high currents, but with increasing chromaticity and current
there is little difference in exciting between upper and lower
sidebands. In general, higher chromaticity produces larger
ratios.

EMITTANCE GROWTH

As the emittance of the beam changes due to ID gap
changes and other external factors, the feedback will have to
adjust the kick angle given by the stripline kicker to maintain
the target emittance. It is therefore of interest to understand
the relationship between kick angle and emittance increase.
If the emittance increase at the chosen excitation frequency
is small, it will have to be compensated for with a larger kick,
increasing the oscillation of the beam. The maximum kick
angle used in the simulations was far below the technical lim-
itations of the multi-bunch feedback system which implies
that compromising between the ratio and size is irrelevant
for Diamond-II, since a large blow up of the emittance can
be achieved with a very small kick angle. In Fig. 5, it can be
seen that the emittance grows quadratically for small kick an-
gles whereas the beam size grows linearly. It is also shown
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(a) Vertical chromaticity 1
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(b) Vertical chromaticity 2.33
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Figure 4: Ratio of the mean beam size to RMS oscillation
as a function of current due to transverse and longitudinal
impedance at different vertical chromaticity for a kick angle
of 50 nrad. A dashed white line shows the nominal bunch
current (0.32 mA). Non-linear terms are not included.

that the impedance has a significant effect on the growth
rate. As the kick angle is increased to hundreds of nrad,
amplitude-dependent tune shifts start to dominate, which
causes the growth of the emittance to plateau.

CONCLUSIONS AND FUTURE WORK

The studies show that the upper first synchrotron sideband
is the optimal excitation frequency because it gives the best
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Figure 5: Relative increase in beam size (�/�0) and emit-
tance (�/�0) at the first upper synchrotron sideband as a
function of kick angle due to linear chromaticity, non-linear
terms and impedance at the nominal bunch current 0.32 mA
and vertical chromaticity 2.33.

ratio between beam size and oscillation. The studies also
show that both the non-linear optics terms and impedance
cause a broadening of the sidebands, which suggests that
the beam can be excited at a large range of frequencies to
achieve emittance increase. The impedance however has a
much larger effect on the optimal frequency than the non-
linear terms for the nominal current and target emittance of
the Diamond-II storage ring. Studies are ongoing of the ef-
fect of a harmonic cavity since the ring is planned to operate
with a passive superconducting third order harmonic cavity.
Benchmarking between simulations and measurements is
also planned at the existing Diamond storage ring to under-
stand how well the simulations predict the real behaviour
with current. Of special interest is how the magnitude of the
kick angle in simulation compares to the required kick angle
in the machine to achieve the same emittance increase. It is
also of interest to study if the multi-bunch feedback can help
to mitigate the beam oscillation driven by the excitation and
thus improve the ratio between the beam size and oscillation.
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