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Abstract

The application of various optics correction techniques
at the Swiss Light Source (SLS) allows to reduce the ver-
tical emittance to <3 pm.rad corresponding to an emit-
tance coupling of <0.05%. Beam sizes can be mea-
sured with a resolution of ≈0.5 μm allowing to resolve
vertical emittances close to the quantum radiation limit
of 0.2 pm.rad. The application of beam-based align-
ment/calibration techniques on magnet girders (remotely
controlled), quadrupoles and sextupoles can be used to cen-
ter the beam in all relevant optical elements at a minimum
expense of vertical dipole corrector strength. Furthermore
a fast orbit feedback based on a high resolution digital BPM
system allows to stabilize the closed orbit up to ≈90 Hz and
to perform precise orbit manipulations within this band-
width. Furthermore the top-up operation mode guarantees
very stable conditions for the various beam-based measure-
ments. These conditions make the SLS an excellent ”test-
bed” for future damping ring optimization.

INTRODUCTION

One of the main aims of 3rd generation synchrotron light
sources like the SLS and future damping rings is the min-
imization of the vertical emittance. This goal is accom-
plished by the careful correction of betatron coupling and
spurious vertical dispersion to very small values. Further-
more light sources need a well defined control of the verti-
cal emittance in order to vary the beam lifetime.

It is unfortunate that even after excellent (≈5 μm RMS)
Beam-Based Alignment (BBA) of quadrupoles with re-
spect to adjacent Beam Position Monitors (BPMs) remain-
ing vertical orbit deviations in sextupoles lead to significant
betatron coupling and spurious vertical dispersion.

A way to correct for this coupling is the introduction
of extra skew quadrupoles at dispersive (ηx>0) and non-
dispersive (ηx=0) locations of the lattice in order to con-
trol spurious vertical dispersion ηy and betatron coupling.
At the SLS 24 non-dispersive and 12 dispersive skew
quadrupoles have been installed for this purpose. All 120
sextupoles in the SLS are equipped with extra windings
where only 72 are dedicated as dipole correctors for or-
bit correction. The remaining 48 can be connected as de-
sired to be for example skew quadrupoles or correction
sextupoles. Since 12 of them have been devoted to non-
linear optics correction [1] 36 are left to be used as skew
quadrupoles which in principle also opens the possibility
to perform a BBA on 36 sextupoles by using those skew
quadrupoles [2][3].

BETATRON COUPLING AND
DISPERSION CORRECTION

An SVD based betatron coupling correction scheme
based on the measured coupled BPM/Corrector response
matrix meanwhile utilizing all 24 non-dispersive skew
quadrupoles is regularly employed to minimize the betatron
coupling [4]. After the application of 2-3 iterations of beta-
tron coupling corrections the RMS of the coupling terms of
the coupled BPM/Corrector response matrix is typically re-
duced by a factor ≈2-2.5 which corresponds to a factor≈4-
6 in the corresponding vertical emittance contribution due
to betatron coupling. In addition empirical manipulation of
the three first order modes of the skew quadrupole Hamil-
tonian using the ratio of beam lifetime to beam height as a
tuning parameter leads to a further reduction of the betatron
coupling [1].
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Figure 1: Correlation of the “fake” vertical dispersion in-
troduced by tilts of 48 BPMs with finite ηx and the mea-
sured spurious vertical dispersion.

The correction values for the twelve dispersive
(ηx≈0.3 m) skew quadrupoles are determined by apply-
ing the SVD “inverted” (no weighting factor cut) model-
based [5][6] 73x12 sensitivity matrix ∂ηyi/∂ksj , where ηyi

denotes ηy at the location of the BPM i and ksj is the
strength of the skew quadrupole j, to the measured spu-
rious vertical dispersion ηy . Assuming the absence of any
BPM tilt ηy can be corrected to ≈2.0 mm.

Recent direct measurements of the BPM tilts show a
clear correlation with ηy at BPMs with finite ηx≈0.2 m
indicating that the measurement of ηy is significantly (to
≈80%) corrupted by BPM rotations as it can be seen in
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Fig. 1 correlating the “fake” vertical dispersion introduced
by tilts of 48 dispersive BPMs and the measured spurious
vertical dispersion.
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Figure 2: Two successive measurements of the rotational
errors of 73 BPMs which reveal a surprisingly large RMS
tilt of ≈17 mrad.

These tilt measurements have been performed by uti-
lizing the fast orbit feedback (FOFB) system [7]. By
changing the vertical orbit reference of individual BPMs
by ±150 μm with running FOFB, correctors in the vicin-
ity of the BPM are excited within the FOFB loop in or-
der to accomplish the requested vertical orbit change. The
BPM tilt is then determined by recording the correlated
change of horizontal and vertical dipole corrector values
and using the corresponding tilt prediction by the machine
model simulating the reference orbit change in presence
of a non-vanishing BPM tilt. Fig. 2 depicts the result of
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Figure 3: The setting for twelve dispersive (ηx≈0.3 m)
skew quadrupoles is determined by an SVD fit to the mea-
sured spurious vertical dispersion ηy without any weight-
ing factor cut. Taking into account the measured BPM tilts,
shown in Fig. 2, reduces the already corrected ηy ≈2.0 mm
(red points +) to ≈1.3 mm RMS (blue points ×).

two successive measurements which reveal a surprisingly
large RMS tilt of ≈17 mrad which is two orders of magni-
tude larger than the tilt error (≈200 μrad) of the involved
dipole correctors. The magnitude of the RMS value cannot
be explained by mechanical misalignment of the vacuum
chamber or the button arrangement and must therefore be
of electronical origin.

As shown in Fig. 3 the already corrected ηy (red points
+) of ≈2.0 mm RMS can be further reduced to ≈1.3 mm
RMS (blue points ×) by taking the measured BPM tilts into
account. The maximum applied |ks| of ≈0.002 m−1 stays
well below the maximum of 0.03 m−1 at 7 A (the twelve
applied weigthing factors are in the range from 0.17 down
to 0.03).

BEAM-BASED GIRDER RE-ALIGNMENT

In order to approach the ultimate limit, which is given
by the present ηy measurement resolution of ≈0.3 mm,
sources of ηy need to be eliminated. After analysing the
vertical corrector pattern (red impulses) shown in Fig. 4
Girder-to-girder misalignments in the arc centers at the lo-
cation of the central dipoles BX i, which are in the range
of 50-100 μm (black circles) could be identified to be
the major source of ηy . A re-alignment campaign has
been initiated to eliminate these misalignments which are
well within the initial specification of the girder joint play
(100 μm RMS). As a side effect this re-alignment will
reduce the RMS vertical dipole corrector strength from
≈140 μrad to <100 μrad. The described technique requires
an SVD orbit correction scheme utilizing a large number of
(preferably all) eigenvalues in order to localize the girder-
to-girder distortions. The calculated corrections do not nec-
essarily have to be applied to the real machine.

Another possibility to reduce ηy has been considered al-
ready during the SLS design stage. It uses the entire mag-
net assembly on the remotely controlled girders as “super-
correctors” to correct for orbit deviations [8]. The gird-
ers simply become the actuators in an SVD based orbit
correction scheme. Simulations have shown that all static
vertical closed orbit corrections can be covered by girder
re-alignment; horizontally, a proper selection of girders
to be re-positioned allows to reduce the corrector mag-
net strengths by a factor 4. Since such a mechanical re-
alignment is potentially eliminating orbit distortions right
at the source a significant reduction of ηy can be expected.

EMITTANCE MEASUREMENT

To enable an emittance measurement at a synchrotron
light source an image formation method is typically used
for the determination of the beam size. The emittance de-
termination thus relies on a beam size measurement and
knowledge, through other means, of the beta and dispersion
values at the observation point. A determination of an RMS
beam size of <10 μm requires a large instrumental and the-
oretical effort. At the SLS “the π-polarization method” has
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Figure 4: Girder-to-girder misalignments in the arc centers at the location of the central dipoles BX i bridging adjacent
girders, which are in the range of 50-100 μm (black circles) could be been identified to be the major source of ηy by
analysing the vertical corrector pattern (red impulses). The cartoon depicts the step in the vertical orbit which is introduced
by the relative misalignment of two girders n and n+1.

been chosen in order to reach this ambitioned goal [9][10].
In this setup images are formed from vertically polarized

Figure 5: Layout of the high resolution emittance measure-
ment beam-line operated at the central dipole ARIMA-BX-
09, showing the X-ray branch with pinhole array and the
vis-UV branch [9][10].

vis-UV synchrotron radiation. It has been demonstrated
at the SLS that this method is capable of determining beam
sizes σe to well below 10 μm with a resolution of ≈0.5 μm.
Fig. 5 depicts a top view of the diagnostics beam-line lo-
cated at the central dipole ARIMA-BX-09 in sector 9 of the
SLS.

CONCLUSION

Utilizing this precise measurement technique very small
vertical emittances of <3 pm.rad have been resolved after
application of the various optics correction techniques de-
scribed.

It has been shown that there is the potential to reduce
these values even further which is mainly achieved by the
application of refined dispersion correction schemes and
careful mechanical re-alignment guided by orbit measure-
ments.

Recently the Paul Scherrer Institute joint a collaboration
with CERN on possible damping ring studies at the SLS.
The “Workshop on Low Emittance Rings (LER2010)” [11]
held at CERN and organized by the joint ILC/CLIC work-
ing group very successfully brought together experts work-
ing on low emittance lepton rings (including damping

rings, test facilities for linear colliders, B-factories and
electron storage rings) in order to discuss common beam
dynamics and technical issues. The workshop documented
that especially damping ring designers can largely profit
from the “Low Emittance Design and Tuning” knowledge
within the light source community.

The goal of this collaboration is to develop the Swiss
Light Source further in terms of correction capabilities and
diagnostics in order to make this machine an even better
”test-bed” for future damping ring optimizations.
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