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Abstract
We measure the linear optics of the APS storage ring [1,2]

from turn-by-turn BPM data taken when the beam is excited
with an injection kicker. Decoherence due to chromaticity
and amplitude-dependent detuning is observed and com-
pared to theoretic predictions. Independent component anal-
ysis is used to analyze the data, which separates the betatron
normal modes and synchrotron motion, despite contamina-
tion of bad BPMs. The beta functions and phase advances
are subsequently obtained. The method is used to study the
linear optics perturbation of an insertion device.

INTRODUCTION
Linear optics measurement and correction are critical for

the operation of storage rings as the optics errors can degrade
the nonlinear dynamics performance of the machines. Turn-
by-turn (TBT) beam-position monitor (BPM) data taken
when the beam is undergoing coherent betatron oscillation
contain information about the linear optics. Simultaneous
TBT BPM data on multiple BPMs can be analyzed with
principal component analysis (PCA) [3] or independent com-
ponent analysis (ICA) [4] methods.

In this study, we applied the ICA method to analyze TBT
BPM data taken from the APS storage ring, from which
we derived the beta functions and phase advances. The
BPM noise and the resolution of the phase advance measure-
ment are discussed. Decoherence due to chromaticity and
amplitude-dependent detuning can significantly limit the
number of usable turns in the TBT data. This was studied
for the APS ring, where the impact is significant.

Changes were made to a quadrupole magnet to test the
capability of resolving the linear optics errors. The method
was also used to study the optics distortion due to an insertion
device in the ring.

TBT BPM DATA OVERVIEW
The APS ring has 280 turn-by-turn BPMs distributed in

the arcs of its 40 sectors. In the experiments we used the
IK3 injection kicker to excite coherent oscillations in the
horizontal plane. Since there is no vertical pinger, the linear
coupling was increased slightly to introduce motion in the
vertical plane.

Singular value decomposition (SVD) was used to estimate
the BPM noise level, by constructing the noise with the 40
(out of 560) leading SVD modes removed. The results are
shown in Fig. 1. The noise sigmas are 20 ∼ 100 µm, with an
average value of 50 µm for both planes. Also plotted in the
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figure are the rms 𝑥 and 𝑦 readings from the first 100 turns,
which indicate the size of the coherent oscillation.
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Figure 1: Top: BPM noise sigma estimated using data re-
constructed without the first 40 singular values (out of 560).
Bottom: rms 𝑥 and 𝑦 for the first 100 turns with IK3 voltage
at 0.5 kV. Bad BPMs can be seen on the plots.

When the ICA method is applied to the TBT BPM data,
the synchrotron motion can be separated from the beam
motion. Figure 2 shows the temporal pattern and a portion
of the spatial pattern of the synchrotron mode. The syn-
crotron tune, determined with NAFF [5], was found to be
𝜈𝑠 = 0.00802. By comparing the spatial pattern to the
model dispersion, the energy oscillation amplitude is deter-
mined to be 𝛿𝑚 = 0.12 × 10−3.
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Figure 2: The temporal pattern (left) and the spatial pattern
of 1/8 of the ring (right) of the ICA mode for longitudinal
motion. The temporal vector is normalized to ||𝑠|| = 1.

DECOHERENCE
The APS ring routinely operates with high chromaticities

to suppress collective instabilities [6]. It is well known that
a kicked beam bunch will decohere, causing the centroid
motion seen by BPMs to decrease [7]. Second order chro-
maticities and amplitude-dependent detuning also introduce
additional decoherence effects [8]. In the APS data, we took
systematic measurements to characterize the decoherence
effects from both chromaticity and amplitude detuning.
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Figure 3 shows the temporal pattern of the horizontal
betatron mode for two chromaticity levels (𝐶𝑥 = 5.4 or 1.4)
and three kicker voltage levels (IK3=1, 0.5, or 0.25 kV).
There were 8 consecutive bunches with bunch charges at
0.5 nC in the ring. We neglect the head-tail damping due to
impedance as the beam current is low.
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Figure 3: Temporal pattern with three levels of kicker voltage
and two chromaticities. Bunch charge is 0.5 nC. Red curves
are theoretic predictions.

Using formulas given in Ref. [7, 8], the decrease of the
beam centroid oscillation amplitude can be predicted. In
Fig. 3 the theoretic predictions are also plotted, using param-
eters calculated by an ideal lattice (listed in Table 1). The
effects of linear, nonlinear chromaticities, and amplitude
detuning are included. The initial kick is determined by
comparing the amplitude measurements at all BPMs to the
calculated beta functions. The decoherence pattern could
serve as an way to probe the beam distribution.

Table 1: Lattice Parameters for Decoherence Calculation

𝐶𝑥2 𝜎𝛿 (×10−3) 𝑑𝜈𝑥
𝑑𝐽𝑥

103

m 𝜖𝑥 nm

70.6 0.96 −34.6 2.7

LINEAR OPTICS MEASUREMENT
Beta Functions and Phase Advances

Using the pair of ICA betatron modes for the motion in
each plane, the beta functions and phase advances can be
calculated. Figure 4 shows the measured beta functions
and phase advances for one data set (with chromaticities
𝐶𝑥 = 3.4 and 𝐶𝑦 = 3.8, IK3 = 0.5 kV) as an example. The
measured beta functions are impacted by BPM calibration
errors. However, the phase advances are not affected as
they are determined by the ratio of the two spatial modes.
The standard deviation of the 𝜓𝑥 difference between the
measurement and the model is 36.8 mrad.

Three data sets were taken for the same condition, from
which the uncertainty levels of phase advance measurements
may be estimated. Figure 5 shows the differences of the
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Figure 4: (top) Phase advances increments between BPMs;
(bottom): beta functions. Measurements are compared to
lattice model.

measured phase advances between two data sets and the
third set. The error sigmas for measured 𝜓𝑥,𝑦 are 18 mrad
(H) and 74 mrad (V), respectively, consistent with the signal
to noise ratios.
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Figure 5: Differences of measured 𝜓𝑥,𝑦 in three data sets.

Changes Due to One Quadrupole
To test the ability to measure linear optics errors with TBT

BPM data, we deliberately changed one quadrupole in the
ring and took data for comparison. In the experiment, we
varied the quadrupole (S10A:Q2) by −1% and −2%, from
its original set point.

Figure 6 shows the differences of measured phase ad-
vances between the cases with or without the changes on
the magnet. The changes predicted by the lattice model are
also potted for comparison. The measured changes closely
follow the model predictions, with a scaling error of about
25%, which could be due to hysteresis.

OPTICS PERTURBATION BY AN ID
TBT BPM data were used to characterize the perturba-

tion to the APS linear optics by an electromagnetic wiggler
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Figure 6: Measured horizontal phase advance changes with
quadrupole S10A:Q2 (located at 𝑠 = 253 m) setpoint
changed by −1% (top) and −2% (bottom). Model values are
plotted for comparison.

(IEX) [9]. This device has a strong impact pn the optics,
which is compensated with nearby quadrupoles through a
feed-forward table [10]. In this study, we took TBT BPM
data with the ID powered at different levels, with feed-
forward on or off.

Figure 7 shows the horizontal phase advance changes due
to the IEX in the vertically deflecting mode as measured with
TBT BPM data. The ID is located at 𝑠 = 800.4 m. When
the feed-forward is off, the optics distortion is significant.
The measurement also shows that the feed-forward properly
cancels the perturbation by the ID.
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Figure 7: Measured horizontal phase advance changes due to
the IEX wiggler, with feed-forward off (top) or on (bottom).

By fitting the measured linear optics functions to the lat-
tice model, optics correction can be achieved [4, 11]. As
a special case, the linear optics measurements by the TBT
BPM can be used to determine the feed-forward table. The
quadrupole triplets on both sides of the ID are used. Be-
cause changes to the quadrupoles are expected to be small,
the combined optics perturbation can be considered a linear
superposition. In a simplified approach, the least-square
fitting problem can be defined with

𝑓 (p) = 𝜒2 = ∑
𝑖

1
𝜎2

𝜓𝑥,𝑖

⎛⎜⎜
⎝

Δ𝜓meas
𝑥,𝑖 −

𝑁𝑞

∑
𝑗

𝑑𝜓𝑥,𝑖
𝑑𝐾𝑗

𝑝𝑗
⎞⎟⎟
⎠

2

+

1
𝜎2

𝜈𝑥

⎛⎜⎜
⎝

Δ𝜈meas
𝑥 −

𝑁𝑞

∑
𝑗

𝑑𝜈𝑥
𝑑𝐾𝑗

𝑝𝑗
⎞⎟⎟
⎠

2

+ +y-terms, (1)

where 𝑑𝜓𝑥,𝑖
𝑑𝐾𝑗

is calculated with the lattice model and the
fitting parameters p are quadrupole gradient changes.

The fitting method takes only one step to find the solution.
Figure 8 shows the residual vector before and after fitting
for one case.
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Figure 8: Phase advance errors before and after fitting for
one ID mode (“Up + 0413”).

SUMMARY
Turn-by-turn BPM data are used to characterize the linear

optics of the APS storage ring. The ICA method is used to
separate the betatron modes and synchrotron mode, from
which the linear optics functions are determined [4]. The
decoherence of a kicked beam due to linear and second
order chromaticities and amplitude-dependent detuning are
observed and modeled with theory [7,8]. The method is used
to study the linear optics perturbation of an insertion device
and to determine the required changes to nearby quadrupoles
for optics correction.
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