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Abstract

Linear optics correction of a particle accelerator may not
be perfect due to the existence of different errors sources in
response matrix measurements and optics correction process.
Previous numerical simulation study has shown that the
single particle beam dynamics performance may be highly
correlated with the level of residual beta-beating. In this
paper, the machine study results on beam lifetime of the
APS storage ring is presented. The experiment is performed
at different level of predefined beta-beating with negligible
betatron tunes variations. As expected, the measured beam
lifetime has an inverse correlation with the level of beta-
beating.

INTRODUCTION

The Advanced Photon Source (APS) is a third genera-
tion storage ring based synchrotron light source with the
emittance of 3 nm. It is composed of double bend achromat
lattice. The APS upgrade (APS-U) [1] is replacing the APS
storage ring by a hybrid seven bend achromat lattice [2],
reducing the natural emittance to 42 pm. The APS-U nonlin-
ear beam dynamics optimization is very challenging, even
though the hybrid seven bend achromat lattice already pro-
vides an optimum phase advance between sextupole pairs,
thus eliminating many geometric abberations. The linear
optics correction has critical impact on achieving the APS
upgrade design performance parameters.

Optics correction of a particle accelerator usually end up
with residual optics beatings, due to existence of different
sources of errors during the measurements and correction
of optics. The sources of errors may include magnets power
supplies, beam position monitors, steering correctors, and
residual orbit in nonlinear magnetic fields.

Previous numerical simulation studies [3] have shown that
the APS-U single particle beam dynamics performance may
be highly correlated with the residual beta-beating around
the storage ring.

In this paper, the lifetime measurement of the operating
APS storage ring is presented, which is performed at different
level of beta-beating. The beta-beating is introduced by
tuning the strength of all 400 quadrupole magnets with pre-
defined random error sets.
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Figure 1: Distribution of beta-beating along the APS storage
ring. Uniformly distributed strength errors are applied on all
400 quadrupole magnets with maximum Δ𝐾1/𝐾1 of 0.001.

SIMULATION ON FILTERING OF
QUADRUPOLE MAGNETS STRENGTH

ERRORS

Random quadrupole magnets strength error introduces
distortion on linear optics. Tracking simulations are per-
formed to evaluate the impact numerically. There are a total
of 400 quadrupole magnets in 40 sectors of the APS storage
ring. To illustrate the beta-beating effects, uniformly dis-
tributed strength errors on all 400 quadrupole magnets are
generated with maximum Δ𝐾1/𝐾1 of 0.001. After applying
these focusing errors on the lattice, the relative beta-beating
of Δ𝛽/𝛽 is shown in Fig. 1.

As shown in Fig. 2 (top), if arbitrary quadrupole magnets
random errors Δ𝐾1/𝐾1 are employed, the betatron tunes
may be greatly changed from the design/operating ones. The
design fractional tunes are (0.17, 0.24) for the APS storage
ring. This tune variation may not be preferred for an experi-
ment to measure the beam lifetime of the APS storage ring,
as transverse emittance ratio and resonance properties may
heavily depend on fractional tunes.

Also the experiment is expected to be carried out automat-
ically and quickly, without the need to correct betatron tunes
and other linear optics parameters. To meet these goals, the
quadrupole random errors need to be filtered to only include
the ones with small tunes distortions. A total of 600 random
seeds are initially employed to generate the quadrupole er-
rors. These are filtered for minimum changes in fractional
betatron tunes. There are 10 random seeds which have tunes
change within 0.005 in both transverse planes, as shown in
Fig. 2 (bottom). These 10 random seeds are saved for the
beam lifetime measurement experiment. Gaussian kernel
density estimation is generated of the fractional betatron
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Figure 2: Top: the fractional betatron tunes with raw
quadrupole magnets errors Δ𝐾1/𝐾1, showing 70 samples
out of 600. Bottom: the fractional betatron tunes on different
error level, after filtering for minimum changes in fractional
betatron tunes. There are 10 seeds which have tunes change
within 0.005 in both transverse planes, which are populated
on eight different levels.

Figure 3: Gaussian kernel density estimation of the frac-
tional betatron tunes with quadrupole magnets errors, with
and without filtering. After filtering the tunes variations are
expected to be negligible.

tunes with quadrupole magnets errors, with and without
filtering, as shown in Fig. 3.

RMS beta-beating of these 10 filtered errors seeds are
calculated at different error levels, as shown in Fig. 4. The
resulting beta-beating is linearly related with the quadrupole
strength error level, which is as expected.

Similar to the betatron tunes variations, the changes in the
linear chromaticity are also minimized by the error filtering
process. Chromaticity ratio (with respect to the design linear
chromaticity) of these 10 filtered errors seeds are shown

Figure 4: Top: RMS beta-beating of these 10 filtered errors
seeds, at different error levels. Bottom: chromaticity ratio
of these 10 filtered errors seeds, versus RMS beta-beating.
Relative chromaticity change is within 10% for y, and 20%
for x, at RMS beta-beating of 40%.

versus RMS beta-beating in Fig. 4. It is observed that the
relative chromaticity change is within 10% for y, and 20%
for x, at a relatively high beta-beating of 40% averaged for
horizontal and vertical planes.

MACHINE STUDY ON BEAM LIFETIME
Machine studies are performed on the operating APS stor-

age ring to measure the beam lifetime at different levels of
beta-beating. A higher chromaticity lattice is employed in
the machine study, where the stronger nonlinearity is em-
ployed to mimic the APS-U conditions. There are 24 stored
bunches which are uniformed filled around the APS storage
ring. The total beam current is around 60 mA. Transverse
orbit feedback system is always running to ensure a relatively
constant beam orbit around the ring. Limited by the avail-
able machine studies time, there are 5 error seeds (out of the
total 10 filtered seeds) being applied at different error levels.
A Python script with two layer nested loop is developed to
automatically perform this machine study. One loop is over
the error levels and the other is over the error seeds.

Shown in Fig. 5 (top) is the measured lifetime at different
RMS quadrupole magnet error level, which is ranging from
Δ𝐾1/𝐾1 = 0.001 to Δ𝐾1/𝐾1 = 0.006. On the other hand,
the normalized beam lifetime is also calculated from lifetime,
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Figure 5: Top: Measured lifetime at different RMS
quadrupole magnet error level from Δ𝐾1/𝐾1=0.001 to
Δ𝐾1/𝐾1=0.006. Bottom: Normalized Lifetime (from life-
time, beam current and beam sizes) at different RMS
quadrupole magnet error level from Δ𝐾1/𝐾1=0.001 to
Δ𝐾1/𝐾1=0.006. There are 5 seeds from the filtering dis-
cussed previously.

beam current, and transverse beam sizes (measured at one
dipole location), as shown in Fig. 5 (bottom). It is observed
that these five random seeds follow a similar trend.

The mean and the standard deviation of the estimated
horizontal and vertical RMS beta beating are calculated
from a total of 20 seeds with somehow increased tolerance
on betatron tunes distortion. The beta beating is an average
of horizontal and vertical planes. Shown in Fig. 6 is the
statistics of the measured lifetime from 5 pre-defined error
seeds, versus the estimated RMS beta beating. It is observed
that the measured beam lifetime is inversely correlated with
beta-beating. The beam lifetime may drop up to 50% at 20%
of beta-beating.

CONCLUSION
Numerical simulation is performed on filtering

quadrupole magnet random error seeds for required level of

Figure 6: Measured lifetime from 5 seeds, versus estimated
RMS beta beating (average of horizontal and vertical planes,
total of 20 seeds with increased tolerance on betatron tunes
distortion).

beta-beating, plus minimum variations in fractional betatron
tunes. Configurations are being setup to automatically
perform the machine study of APS beam lifetime mea-
surement, at different level of beta-beating. The measured
beam lifetime correlation is as expected, which is inversely
correlated with beta-beating. These observations agree with
the previous APS-U numerical simulation results.
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