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Abstract

The Advanced Photon Source (APS) is pursuing an up-
grade to the storage ring that will provide electron beams
with extremely low emittance. To allow users to take ad-
vantage of this small beam size, the beam orbit has to be
kept stable to within a fraction of the beam size. To keep
the beam orbit stable on a sub-micron level, one needs to
carefully design magnet supports/girders so that the ground
motion does not lead to excessive orbit motion due to reso-
nant modes of the magnet supports. In this paper, we will
describe the process of calculating the expected orbit mo-
tion due to girder resonant vibration. First, we will present
the simulation results for the girder resonant modes, then we
will calculate the orbit amplification factors for the girder
deformation modes, then calculate the expected orbit mo-
tion using measured ground motion spectrum. This process
can be used to evaluate the design of the magnet supports.

INTRODUCTION

The Advanced Photon Source (APS) is planning an up-
grade to the storage ring that will provide electron beams
with extremely low emittance. The new lattice is based on
hybrid seven-bend achromat [1] and utilizes reverse bend
magnets [2, 3] to achieve natural emittance of 42 pm-rad
[4]. The lattice has very strong focusing magnets with a
maximum integrated quadrupole strength KL nearly five
times that of the current APS lattice. Since the effect of
quadrupole vibration on the orbit stability is proportional
to KjL, it is expected that the ground vibration will have
a stronger effect on the orbit in the new machine. Further-
more, the orbit stability requirements, which are defined as
a fraction of the electron beam size, will be much more strin-
gent. Careful prediction of the effect of ground vibration
on the orbit stability becomes vital for the success of the
upgrade project. In this paper we will describe the process
that was used to calculate the effect of the girder resonant
modes on the orbit stability.

GIRDER VIBRATION MODES

The APS-U magnets will be placed on three long and two
short supports (girders) per sector. Three larger supports
will rest on three concrete plinths, and two smaller supports
will straddle between the three plinths. The plinths are used
to effectively raise the floor and reduce the height of the
girders. Figure 1 shows the magnet arrangement of one sec-
tor. The middle module containing focusing and defocusing
quadrupoles and dipoles is called FODO [5], and the side
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modules, which contain quadrupole doublet, longitudinal-
gradient dipole, and multipoles, are called DLM . The vibra-
tion mode analysis was performed using ANSYS Mechan-
ical, Release 18.1 [6]. In order to accurately predict the
modal response of the modules, dynamic stiffness testing
was completed on the support components. Each support
component was preloaded between two weights, hung from
a crane, and a modal analysis was carried out. Using the
equations of motions for this simple dynamic system along
with the experimentally determined rigid body mode values,
the 6x6 diagonal stiffness matrix of the component was de-
termined. This stiffness matrix for each vertical and lateral
support component was input into the ANSYS modal anal-
ysis along with the geometry of the magnets, girder, and
plinth. Each module was simulated separately.

Figure 1: Layout of one APS-U sector.

At the time of writing this paper, the support design was
slightly changed, and the new analysis is under way. The
results presented here are obtained with the old support de-
sign. The new design will also be analyzed using the ap-
proach described in this paper. The analysis is limited to
modes with resonant frequencies below 100 Hz due to the
rapid drop in ground vibration amplitude at higher frequen-
cies [7]. Table 1 gives the first five resonant frequencies.
Figure 2 shows exaggerated magnet displacements corre-
sponding to one of the modes of the DLM module.

Table 1: First five resonant frequencies (in Hz) for DLM
and FODO girders.

Module 1 2 3 4 5
DLM 55.02 6449 68.27 83.65 89
FODO 36.29 51.53 6391 7427 75.70

For each magnet, two vertically separated points are cho-
sen on the upstream and downstream sides of the magnet,
and ANSYS is used to calculate the displacements of these
points for every mode. The displacement data are saved in
an MS Excel spreadsheet and then converted to SDDS for-
mat [8]. Then, X, Y, and Z displacements and tilts are cal-
culated for every magnet by averaging displacements of the

TUPMFO011
1269

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



9th International Particle Accelerator Conference
5 ISBN: 978-3-95450-184-7

y
Figure 2: Example of the deformation mode.

upstream and downstream ends of magnets. Magnet pitch
and yaw are ignored. Figure 3 shows transverse displace-
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5 Figure 3: Example of displacement along the beam axis for
& some of the modes. The displacements are in arbitrary units,
_and points are located on both ends of magnets. The right-
Z hand plot corresponds to the mode shown in Fig. 2.
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5 Since all modes have different frequencies, the motion
; caused by different modes in one girder is independent. It

@ means that the effect of the modes on the orbit can be consid-
8 ered separately and then the overall effect can be obtained
£ by adding corresponding rms amplitudes of orbit motion in
S quadratures. An elegant [9] parameter file is generated
é that contains the displacements and tilts of each magnet for
i—;’every mode, like the ones shown in Figure 3. To generate
f the parameter file, the modal displacements are normalized
%é to make the maximum of all three displacements equal to
z 10 um. Then elegant is used to calculate the closed orbit
2 due to magnet displacements on a single girder for each res-
gonant mode. The ratio of the maximum orbit distortion at
zrthe ID location to the maximum magnet displacement (10
2 pm in our case) is the single-girder lattice amplification fac-
S tor f;, for a particular mode m.

Lets consider the orbit motion due to a single mode in all
girders. The orbit displacement at the ID locations due to a
o single girder displacement in a resonant mode m is

m this work m:

fi

q = fmu cos(¢pqg — mvy),
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where ¢ stands for x or y, u is the girder mode displacement
amplitude, and ¢, is the horizontal or vertical phase ad-
vance between the girder and the observation point. There is
no beta function in this expression because the single-girder
amplification factor f;,, was calculated for orbits at ID loca-
tions only. The motion of every girder in the same mode
is also independent because the coherence length of ground
motion at frequencies above 30 Hz is less than 5 m [10],
therefore, we can add the rms motion caused by each girder
in quadrature. The total motion Q due to all N girders in
one mode is

0’ = Z fzu% cos’(¢; — v) = sz<ui2 cos?(¢; — 7TV)> =

- f2N<ui2>< cosX(; — nv)> = 0.5 2 NuZns.

where we averaged cos? to 0.5. The girder motion is driven
by the ground motion, and since the ground motion spec-
trum is approximately the same at any location around the
ring, the ground motion amplitude at some frequency is on
average the same around the ring. The rms displacement of
single girder is the rms of a sine function, or uyys = 0.7umax,
where up,y is the ground motion amplitude at the frequency
of interest. Therefore, the amplification factor of N girders
vibrating in a resonance mode is

Q _ 0.7fV0.5N ~ 0.5fVN

Umax

F =

To make amplification factors independent of beta function
values at ID locations, we divide the amplification factors
by v/Bip. Table 2 gives the total amplification factors for
resonant modes normalized by beta functions.

Table 2: Amplification factors of girder vibration modes
summed over all girders and divided by vfBip. Units are
(1/+/m).

Mode DLM FODO

F(Hz) | Ax Ay | F(Hz) | Ax Ay
1 55.02 | 83 43 3629 | 23 09
2 6449 | 134 10| 5153 | 05 3.3
3 68.27 | 19.9 39| 6391 | 134 0.2
4 83.65 | 45 5.1 | 7427 | 3.1 14
5 890 | 64 23| 7570 | 1.6 74
6 80.37 | 7.6 2.6
7 95.87 | 155 82

GIRDER VIBRATION

It is assumed that the excitation for the girder vibration
comes from the ground motion. The spectrum of the ground
motion at APS was measured on several occasions, and
the most recent measurement can be found in [10]. The
wide-range Power Spectral Density (PSD) dependence on
frequency is approximately 1/f", where n is close to 4 [7].
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The exact response of a mode to the excitation, especially
far from the resonant frequency, could be hard to calculate.
But for frequencies close to resonance, its amplitude x can
be described by the resonance curve

x(@) _ 0
X \/(a)—a)o)2 (i)—QO)2+1

where X is the driving motion amplitude (amplitude of the
ground motion), wy is the resonant frequency, and Q is res-
onator quality factor. The quality factor can be found using
the damping constant £ as Q = 1/2{. The damping con-
stant was measured by hitting a girder with a hammer and
measuring the response. The measurements gave 0 ~ 50.
For this quality factor, which corresponds to a FWHM of
less than 0.04 fy, the deviation of Eq. 1 from the actual re-
sponse should be sufficiently small for f : [0.5 fo, 2 fo].

The process of calculating the orbit-motion contribution
of one mode begins by multiplying the ground motion PSD
by the resonance curve from Eq. (1). Then, the result-
ing PSD is multiplied by the square of the corresponding
mode amplification factor to get the PSD of the orbit mo-
tion caused by this mode. Finally, the orbit motion PSD is
integrated between 0.5 fy and 2 fj to get the rms orbit motion
due to this mode.

ORBIT MOTION CALCULATION

A short program was written that multiplies the ground
motion PSD by the resonance curve and orbit amplification
factor, then integrates the resultant PSD to obtain the rms
orbit motion. The ground motion PSD was approximated
as 1.6 - 10713/ f4* m?/Hz for X and 8 - 10713/ £+ m?/Hz
for Y in the frequency range between 10 and 100 Hz. Table
3 shows the results. The total motion due to girder resonant
modes is 180 nm in horizontal and 80 nm in vertical planes.
This motion is rather small even before applying the orbit
correction attenuation.

, ey

Table 3: Rms orbit motion due to girder resonant modes
based on fitted ground motion. The number of girders is
taken into account. Attenuation due to orbit correction is
not included.

Mode DLM FODO
X(mm) Y (nm) | X(nm) Y (nm)

1 62 36 34 15

2 76 7 4 31

3 103 23 77 1

4 16 21 14 7

5 21 8 7 36

6 30 12

7 44 26
Total | 144 48 | 101 58

The overall orbit motion due to ground vibration consists
of non-resonant and resonant contributions. Non-resonant
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contribution can be calculated by simply multiplying the
PSD of the ground motion by the girder amplification fac-
tors calculated assuming girders to be rigid bodies and con-
sidering girder displacements, pitch, yaw, and tilts. These
amplification factors were calculated similarly to what was
described above for the mode amplification factors. The ob-
tained values are 20.3 and 16.5 for X and Y planes. Figure
4 shows the total expected orbit motion PSD due to ground
motion above 10 Hz.

, X_motion Y_motion
1ot . fo-1s :
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15 Ground Ground
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Figure 4: Total expected orbit motion (black) including res-
onant and non-resonant contributions due to ground motion
shown in red.

CONCLUSIONS

We worked out a way to calculate orbit motion due to
girder vibration modes driven by the ground motion. We
took girder displacements due to resonance modes calcu-
lated by ANSYS and used them to calculate orbit motion
amplification factors to obtain the expected effect of each
mode on the orbit motion. Then we added all modes to-
gether in quadrature to get the effect of all modes. The esti-
mate thus obtained of the expected contribution of the girder
vibration modes into the orbit motion is about 200 nm in X
and 80 nm in Y. Both the fitted ground motion PSD and the
actual measured PSD give similar values. This contribution
to orbit motion is rather small even without considering at-

tenuation due to orbit correction and thus satisfies the orbit

stability budget.
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