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Abstract 
 The Advanced Photon Source Upgrade (APS-U) is to 

replace the existing storage ring with a multi-bend 

achromat (MBA) accelerator lattice [1]. For the APS-U 

removal and installation, current planning calls for a 12-

month shutdown and testing period, prior to resumption of 

operations. It calls for quick installation of the magnet 

support system within assembly and installation alignment 

tolerances. A three-point semi-kinematic vertical mount for 

the magnet modules is the approach to reduce time for 

alignment. The longest section is the curved Focusing-

Defocusing (FODO) section (four quads with three Q-

bends interleaved, and a three-pole wiggler). All magnets 

of the FODO module sit on a single piece of support 

structure in order to have good control over the magnet-to-

magnet alignment tolerance. It brings challenge to 

minimize the top surface deflection and maximize the first 

mode frequency of the magnet support structure that is 

supported at three points. These constraints require 

optimizing the magnet support structures. Details of the 

optimization, including three-point positioning, material 

selection, and topology optimization, are reported in this 

study.  

INTRODUCTION 

Optimization is subjected to constraints. For example, 

the APS-U removal and installation is planned for a 12-

month shutdown and testing period prior to resumption of 

operations, and the assembly and installation alignment 

tolerance is specified as 100 microns RMS for girder-to-

girder alignment [1]. To meet such specifications within a 

one-year period, a three-point semi-kinematic vertical 

mount for the magnet modules is considered as the best ap-

proach, in comparison with four-point and/or non-kine-

matic vertical mount. The conceptual design is based on 

the three-point semi-kinematic vertical mount, and the goal 

of optimization is to meet the technique specifications. 

The APS-U specifies 9 nm RMS as magnet-to-magnet 

vibration tolerance and 30 microns RMS as magnet-to-

magnet static tolerance within a girder [1], a common term 

for the magnet support structure. Spacing of the three-point 

support can be optimized, which helps to minimize the 

magnet-to-magnet static tolerance due to surface deflection 

of the support structure. The vibration tolerance is related 

to the ground vibration spectrum. The floor vibration spec-

trum in the APS storage ring has 1 nm absolute value at 50 

Hz [2,3]. It indicates that the first mode frequency around 

50 Hz of an assembled module is guaranteed to meet the 

magnet-to-magnet vibration tolerance. It leads to a goal, 50 

Hz as the lower bound of mode frequency, for optimiza-

tion. A parametric study of girder height is performed dur-

ing optimization.  

For conceptual design and optimization, topology opti-

mization is an ideal tool. It allows selecting the best ele-

ments in a given design space that maximizes the use of 

material. Research on numerical topology optimization 

started three decades ago [4] and Genesis® incorporated 

the discipline nearly two decades ago [5]. It’s available for 

statics, eigenvalue, buckling, frequency response and ran-

dom response load cases. Among a bunch number of com-

mercially available topology optimization software, the 

Genesis Topology for Ansys Mechancial (GTAM) [6] is 

utilized in this study. Two major constraints, minimizing 

strain energy and maximizing frequency response, are ap-

plied during the optimization process.  

For a given structure, material of higher elastic modulus 

produces a higher natural frequency. Fabrication capacity 

by vendors constrains in material selection because of the 

structure size and complexity. Fabrication constraints are 

available in GTAM but not applied for the conceptual de-

sign and optimization. A cast iron design was chosen be-

cause of its design flexibility, low cost, and favorable vi-

bration damping properties. 

The FODO girder, the longest of the APS-U girders at 

approximating 5.6 meters long, is studied as a representa-

tive. All magnets of a FODO module sits on the girder, a 

single piece of support structure. The girder is then sup-

ported on a concrete plinth through a three-point semi-kin-

ematic mount together with horizontal pushers. The plinth 

sits on a nominal 1-inch thick epoxy grout on floor. The 

pushers are ignored during optimization. This study fo-

cuses on the girder. 

SPACING OPTIMIZATION OF VERTICAL 

SUPPORTS 

The FODO girder has a top surface 5.568-meter long 

and 1.1-meter wide. As an initial step of the conceptual de-

sign, a 160mm thick plate is assumed as the girder. Be-

cause the length-to-width ratio is as large as 5 times, the 

three points are arranged with one point at center and the 

other two symmetrically toward two ends along the long 

side, as shown in Fig.1. The point at the center along the 

long side is set at one end along the short side and the other 

two points at the other end. The support span along the 

short side is maximized, which is preferred from the point 

view of stability and the rolling mode of vibration. In such 

a scheme, the spacing optimization is to find an optimized 

span between the two symmetrically arranged points along 

the long side. In the calculation the structure is supported 

by three bars, each 100mm in diameter and 200mm long. 

Figure 1 shows the total displacement when the span is set 

at 4 meters. When the span varies, the maximum value of 
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the displacements at the top and bottom surfaces changes 

as shown in Fig.2. The displacement along the vertical di-

rection is at the nanometer level. Horizontal displacements 

make major contributions to the total displacement. When 

the span is 4 or 2.6 meters, the minimum values of dis-

placement occur.   

Figure 1: Deformation of girder supported by three bars.   

Figure 2: Maximum value of displacement at top and bot-

tom surfaces of FODO girder.  

   

1ST TOPOLOGY OPTIMIZATION 

Topology optimization of the girder used software 

GTAM and ANSYS. The low bound of the 1st mode fre-

quency is set to 60Hz. Minimizing the strain energy is an-

other goal. The latter ensures that the static deflection 

along the beam path is minimized. The optimized geome-

try is then analyzed as a structure with the static structure 

and modal modules of ANSYS Workshop.  

 

Figure 3: Topology optimization. Top, initial geometry 

seed. Bottom, optimized geometry. 

 

Figure 3 shows the seed geometry used as an input (top) 

and the optimized one (bottom). The girder is assumed as 

a cast iron block of 5.568 m long and 1.1 m wide. Its height 

varies and is split into two parts. The top plate is excluded 

from topology optimization, but its thickness varies from 

20 mm to 100 mm as part of the parametric study. The bot-

tom part is the region for topology optimization, and its 

thickness varies from zero to 800mm also as part of the 

parametric study. Three vertical supports are simulated as 

ball-in-socket joints, allowing each socket freely rotating 

on a fixed ball. The vertical support has a diameter 200mm. 

The span is chosen as 3.5m with a smaller value preferred.  

The parametric study showed that a top plate thickness 

of 50 mm gives the maximum value of the 1st mode fre-

quency when the total thickness of girder is 850 mm. Fig-

ure 4 shows the corresponding static deflections due to 

gravity before and after topology optimization. The dots 

are in-plane deflection of points along the beam path. The 

dashed line is a best-fit of deflection before topology opti-

mization, while the solid line is a best fit of deflection after 

optimization. A figure of error is derived from the deviation 

from the best fit line. The maximum figure of error de-

creases from 10 to 2 microns after optimization in this cal-

culation.   

 

 
Figure 4: Static deflection before and after topology opti-

mization 

 

Figure 5 shows trends of the 1st mode frequency and the 

maximum figure of error when girder thickness increases 

and the top part of the girder stays at 50 mm thick. The 1st 

mode frequency increases monotonically before the girder 

thickness reaches 700mm. The trend is the same for both 

seed and optimized geometries. The maximum figure of er-

ror drops for seed geometry when its thickness increases. 

While for optimized geometry the decrease stops at a thick-

ness of 600mm and stays at about 6.6 microns. When the 

girder thickness increases from 600 to 700 mm, the 1st 

mode frequency increases from 50.5 to 52.6 Hz, and the 

girder volume increases from 2.13 to 2.27 m3. Less weight 

of the girder and more space for the plinth are preferred so 

that a girder thickness of 600 mm was chosen for prelimi-

nary design. As a result, contacts of the vertical support and 

girder are in a plane near the center of mass of magnets and 

girder assembly. This reduces the moment of inertia of the 

girder system.     

 



Figure 5: Max figure of error and the 1st mode frequency 

vs. girder thickness.    

2ND TOPOLOGY OPTIMIZATION 

The preliminary design of the girder is based on the op-

timized girder thickness of 600mm thick. The FODO mod-

ule is shown in Fig.6, and the assembled FODO prototype 

module can be found in [2]. The span of vertical supports 

is changed to 3 m long. The thickness of top part of the 

girder is changed to 150 mm, and the contact surface of 

vertical support is 200 mm underneath the girder top sur-

face. The girder material is ductile cast iron, A536, GR-

60/40/18. The three-point vertical mount is realized with 

Airloc 414-KSKC wedge jacks. The maximum figure of 

error is 14 microns and the 1st mode frequency is 39 Hz 

[2]. The preliminary prototype is under test. 

 

Figure 6: FODO module of preliminary design. 

 

 

Figure 7: FODO girder 2ND topology optimization. Top, 

preliminary design as seed. Bottom, optimized geometry. 

 
In case that the current prototype does not meet the 

specifications during test, the girder geometry is fed back 

into the model for further optimization. The stiffness of the 

Airloc 414-KSKC wedge jack is applied in this calculation. 

The resultant girder geometry is shown in Fig.7. The vol-

ume decreases from 1.83 m3 to 1.57 m3. This optimized 

geometry is not realized yet. 

CONCLUSION 

Structure optimization plays an important role in the 

conceptual design phase. It leads to the right direction for 

preliminary design in terms of mass reduction and sound 

performance. By using the FODO girder, the longest of the 

APS-U girders, as a representative, structure optimization 

gives an optimized structure in two steps. It first leads to 

the optimized spacing range for the three-point semi-kine-

matic vertical support. Static structure analysis is applied 

in this step. In the second step topology optimization is ap-

plied for a parametric study with goal of minimizing strain 

energy and maximizing the mode frequency response of 

the girder. It then leads to the optimized girder thickness 

and geometry. The material utilization is maximized in 

preliminary design of the girder, which meets the design 

specifications of 9 nm RMS as magnet-to-magnet vibration 

tolerance and 30 microns RMS as magnet-to-magnet static 

tolerance within a girder. 
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