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Abstract 
The Advanced Photon Source (APS) is a synchrotron X-

ray facility located at Argonne National Laboratory, in op-
eration since 1996. The APS recently completed an exten-
sive upgrade, replacing the original APS electron storage 
ring with a state-of-the-art multi-bend achromat machine. 
The upgraded storage ring generates X-rays up to 
500 times brighter than the original ring.  

After more than 25 years of operation, the original APS 
storage ring was shut down on April 24, 2023, disassem-
bled and removed. New, pre-assembled storage ring mod-
ules were installed, and the first electrons were injected 
into the new ring on April 13, 2024, less than one year later. 
The first stored electron beam was achieved on April 20, 
2024. 

In this paper we summarize the years of planning and 
preparation needed to successfully accomplish the goal re-
placing the 1,104-meter circumference storage ring within 
a one-year window. Magnet fiducialization, module assem-
bly, survey control, and module installation and alignment 
will be presented.  

BACKGROUND 
Planning for the APS upgrade (APSU) began more than 

a decade ago and culminated in April 2024 with the suc-
cessful startup of the upgraded storage ring. Stored beam 
was achieved within one week of the first injection of elec-
trons. Preparation for the upgrade was driven by the ambi-
tious goal to have the new storage ring back up and running 
within one year of shutting down the original APS. Years 
of effort went into preparation for the dark time. As far 
back as 2016 we were developing the magnet fiducializa-
tion process; the first APSU magnet was referenced in 
2019, with the final magnet completed in 2023 – a four-
year effort. Development of the alignment process for 
module assemblies began in 2019. The first module was 
assembled in 2021 in an off-site facility and the final mod-
ule was completed in December 2023. Automated align-
ment processes were developed concurrent with these ac-
tivities. The goal to start up the new APS storage ring 
within one-year of dark time was achieved. 

ALIGNMENT REQUIREMENTS 
Alignment tolerances for the APSU storage ring are 

stringent; assembly and installation tolerances are listed in 
Table 1, and a generic storage ring sector is depicted in 

Fig. 1. Note that two girder-to-girder tolerances are listed, 
100 µm RMS for the alignment between DLM and FODO 
modules relative to a smooth long-wavelength curve, and 
a 50 µm RMS for the QMQ modules straddling between 
the DLM and FODO modules. The QMQ’s will be aligned 
in such a way that Q6 is positioned relative to the DLM 
“geometry line” with less than 50-µm rms and 1.5-sigma 
cutoff, and Q7 will be placed the same way relative to the 
FODO “geometry line.” Individual elements on the DLM 
and FODO girders will be aligned relative to the “geometry 
line” with 30-µm rms and a 2-sigma cutoff [1]. Maintaining 
alignment to these specifications will be a continuous ef-
fort throughout the life of the machine. 

MAGNET FIDUCIALIZATION 
Precision magnet fiducialization provides the foundation 

for achieving overall alignment results within the strict tol-
erance specification. The APS-U storage ring includes 
1321 magnets aligned on 200 modules. Two rotating wire 
benches were utilized for multipole fiducialization [2], and 
a Hall probe bench was employed for dipole measure-
ment [3].   

The rotating wire measurement system was developed at 
the APS. We selected a rotating wire rather than a fixed 
wire because it is easier to precisely locate the rotation axis 
than it is to measure the location of a fixed wire. The sys-
tem utilizes a BeCu taut wire loop stretched through the 
aperture of the magnet that rotates using synchronized 
stages, with one leg of the loop approximately on-axis, and 
the other leg rotating about the axis. The wire loop may be 
translated horizontally and vertically to place the rotation 
axis within 1-µm of the magnetic center. Field components 
are derived from Fast Fourier Transform (FFT) of induced 
voltage or flux, and the magnetic center is derived from the 
field components. A diagram of the rotating wire system is 
shown in Fig. 2. 

The center of rotation is referenced using a laser tracker. 
3D laser tracker coordinate data are taken with the rotation 
axis centered in X and translated vertically to compensate 
for the wire sag offset. The following points and features 
are measured from 2 laser tracker positions: 
• Points at eight azimuthal positions of both wire holders 

in 45° increments 
• Upstream and Downstream face planes of the magnet 

yoke 
• The magnet base plane (Y reference) 
• The machined –X side reference planes (X reference) 
• Magnet fiducial nests and bench monuments 
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Table 1: Survey and Alignment Assembly and Installation Tolerances 

Parameter Value Units 
Storage ring   
Circumference 30 mm 
Source points   
Survey tolerance in ID source position (horiz. and vert.) 2.0 mm peak-to-peak 
Global ring flatness (vert.) 4.0 mm peak-to-peak 
M1 and M2 dipoles   
Positional misalignment 100 µm rms (2-sigma cutoff) 
Pitch/yaw 0.1 mrad rms (2-sigma cutoff) 
Modules   
Girder to girder (DLM to FODO) 100  µm rms (1-sigma cutoff) 
Girder to girder (QMQ to DLM or FODO) 50 µm rms (1.5-sigma cutoff) 
Elements within a module   
Magnet to magnet (M3/M4, quads, sexts) 30 µm rms (2-sigma cutoff) 
Roll (M3/M4, quads, sexts)a,b ±2 mrad (repair threshold) 
Pitch/yaw (M3/M4, quads, sexts) 0.7 mrad rms (2-sigma cutoff) 
Longitudinal plinth placement tolerance 250 µm rms 
BPM centroid mechanical offset allowance 250 µm rms 
BPM roll 1 mrad rms (2-sigma cutoff) 
Fast corrector longitudinal alignment allowance ±1 mm peak-peak 
Booster to storage ring (BTS)   
Magnet to magnet 150 µm rms (2-sigma cutoff) 
Quadrupole vibration (above 0.1 Hz) 1 µm rms 

aMagnet roll about the axis defined by the particle beam’s nominal trajectory is specified. 
bAbove this threshold, an attempt should be made to repair the roll angle 
Revised: 12-19-2022 (SVN Rev.751) 

 
Figure 1: Generic APS-U storage ring sector. 

 
Figure 2: Rotating wire multipole measurement system. 

Circles are fitted to the azimuthal points to establish ra-
dius points; a line constructed between the radii defines the 
rotation axis. The primary datum for the magnet coordinate 
frame is the magnet XZ base plane; the rotation axis orients 
Z. The origin is a point at the intersection of the magnet 
vertical XY mid-plane and the rotation axis, and represents 

the magnetic center. Note that some pitch may be present 
in the wire rotation axis. Uncertainty for the rotating wire 
measurement bench is 6-µm rms.  

The Hall probe bench was utilized for fiducialization of 
the L-bend dipole magnets. This system translates a Hall 
probe and other sensors through the dipole field to charac-
terize the field and define the vertex point within each mag-
net. The vertex point represents the intersection of the in-
coming and outgoing electron beam trajectories. The di-
pole magnets are pre-surveyed to establish the mechanical 
centers. The magnets are then placed on the Hall probe 
bench, and the mechanical center and orientation of the 
magnet are surveyed within the bench coordinate system. 
The vertex point derived from the magnetic measurements 



is designated as the origin of the coordinate frame for the 
local mechanical survey fiducials to be used for alignment 
of the dipoles within the module assemblies.  

Individual fiducial reports include comprehensive meas-
urement records for each magnet. A compilation file in-
cludes fiducial data and horizontal / vertical reference 
plane information for all APS-U multipole and dipole mag-
nets and is stored in the APS-U component database (CDB) 
for use during module assembly.  

MODULE ASSEMBLY 
The APS-U module assembly and alignment process 

was developed and tested beginning in 2019 [4]. Align-
ment of storage ring modules was completed in an off-site 
assembly and storage facility located approximately 5-km 
from the APS site. Early in the project the decision was 
made to rely on machining tolerances to achieve precision 
alignment of components within the module assemblies 
and increase efficiency in the assembly process.  

Magnet Alignment 
A multi-step, iterative process was developed to assem-

ble the magnets into a nominal spatial arrangement. The 
APS has 40 storage ring sectors of the same geometry; each 
sector subtends 9 degrees of arc. The modules are inter-
changeable with respect to where they are to be installed in 
the ring, so a generic coordinate system valid for all storage 
ring sectors was utilized for the fiducial reporting frame. 
The process involved data acquisition, quality evaluation, 
analysis of data, generation of reduced coordinate files, au-
tomated point renaming and publication of traceability re-
ports. The steps were automated to increase efficiency, en-
sure consistency, and reduce the possibility of error. The 
software platform integrates Spatial Analyzer (SA), Py-
thon/Jupyter Lab, Excel, Visual BASIC (VBA), and the 
CDB to streamline the process. SA is the primary metrol-
ogy software tool utilized in the module alignment process. 
Sophisticated measurement plan tools were developed 
within SA to automate multiple measurement and data pro-
cessing steps. SA’s Unified Spatial Metrology Network 
(USMN) feature was utilized to bundle multiple laser 
tracker stations for the module surveys and for final mod-
ule assembly fiducialization. 

The magnet compilation file in the CDB includes 3-D 
coordinates of fiducials and measured reference surface 
distances for magnet shim calculations. Each magnet has a 
unique QR code linked to the CDB; when an array of mag-
nets was staged for installation, the QR code for each mag-
net was scanned to populate a unique CDB page for the 
module. Custom Python applications reference the CDB 
module page to retrieve the data, transform and rename the 
local magnet fiducial coordinates into the ideal alignment 
lattice, and compute an optimized shim prescription for 
magnet-to-magnet alignment based on the a-priori refer-
ence data. No adjustment system was provided—vertical 
alignment (Y), pitch and roll are set against the girder plate 
surface; horizontal alignment (X) and yaw are set against 
locating stop blocks pinned to the girder surface. Locating 

pins in the plate set the magnet Z (longitudinal) positions. 
The girder material is cast iron; top surface flatness for the 
5-m-long DLM and FODO modules is < 20 µm.  Magnets 
were mounted and aligned on the cast-iron plate using the 
prescribed shim packs to align the X and Y positions. A la-
ser tracker survey was performed, the surveyed magnet po-
sitions were analyzed to derive the magnetic centers, and if 
necessary, a second shimming iteration was carried out to 
improve magnet-to-magnet alignment. A comprehensive 
survey of the module was performed once the magnet-to-
magnet alignment was within the specified tolerance.  A 
global fit to all fiducials in all magnets on a module often 
resulted in a small systematic yaw and/or pitch of the de-
rived magnet centers in the final fitted frame.  This was 
perhaps a result of a global fit of fiducials in all magnets 
which individually had random yaw and pitch errors rela-
tive to placement in an ideal lattice.  This did not really 
affect the quality of magnet-to-magnet alignment, but the 
module could be better placed in installation by slightly ad-
justing the yaw and pitch of the module frame.  A second 
best-fit of the derived magnet centers only was therefore 
carried out to minimize the error in the magnetic center po-
sitions.  Since the magnetic centers in a module lie on 
straight line segments with very small angles between seg-
ments, the roll is not very well determined during this fit.  
The roll was therefore constrained to zero during this sec-
ond fit and only yaw and pitch were adjusted.  This ensured 
that the module was installed with minimal offsets of all 
magnetic centers.  Magnet alignment results were recorded 
in the CDB. 

Excellent alignment results were achieved; well within 
the APS-U specification. Least-squares best-fit results for 
individual magnet offsets from their ideal position for a 
typical DLMA module is shown in Table 2. 

Vacuum and Diagnostic Systems 
The vacuum system relies on the precisely aligned mag-

net positions and machining tolerances to reduce the 
amount of effort in placing the components. The magnet 
alignment tolerance of 30-µm rms makes it possible to use 
features on the split magnets, e.g., pole tips and planar sur-
faces, as alignment reference features. Fiducial points on 
the lower magnet yokes and cast-iron plates provided ref-
erence points for measurement using a PCMM arm. 

Locating pins in the girder plate surface were incorpo-
rated to precisely align the machined beam position moni-
tor (BPM) supports to within 100 µm at installation with 
no further adjustment needed. The image in Fig. 3 shows a 
BPM assembly aligned against the locating pins on a mod-
ule. Many vacuum connections are easier to make up ex 
situ on a bench rather than in situ within the module assem-
bly where the space between magnets is tight. Sub-assem-
blies of multiple vacuum components were pre-aligned 
both to minimize exposure to atmosphere, and to increase 
efficiency in assembly. The image in Fig. 4 shows one of 
the vacuum system sub-assemblies. The flange connec-
tions in the middle of the sub-assembly are very difficult to 
make up in situ.  



Table 2: Typical Least-Squares Best-Fit Result for a DLMA Module 

Magnet dX (mm) dY (mm) dZ (mm) Pitch (mr) Yaw (mr) Roll (mr) 
AQ1_0 0.001 -0.003 -0.180 -0.059 0.136 -0.009 
AQ2_0 0.007 0.003 -0.076 -0.064 -0.129 -0.042 
AQ3_0 0.000 0.005 0.058 -0.078 0.084 0.063 
AS1_0 0.003 0.004 0.037 -0.019 0.185 0.009 
AQ4_V -0.011 -0.008 -0.007 -0.080 0.231 -0.001 
AS2_0 0.000 -0.004 0.085 -0.099 0.006 0.000 
AQ5_V -0.007 -0.009 0.033 -0.032 0.019 0.000 
AS3_0 -0.010 -0.005 0.066 -0.099 0.194 -0.101 
Average -0.002 -0.002 0.002 -0.066 0.091 -0.010 
Std. Dev. 0.006 0.006 0.083 0.072 0.145 0.045 
ABS Max 0.011 0.009 0.180 0.099 0.231 0.101 

 
Figure 3: BPM assembly aligned against locating pins on a 
module. 

 
Figure 4: Vacuum system sub-assembly with two cham-
bers and a BPM. 

A portable coordinate measurement machine (PCMM) 
arm is utilized for alignment of the vacuum system; the 
pre-surveyed fiducials on the magnets and girder plate 
serve as the reference features. 

SURVEY CONTROL NETWORK 
In July 2023, immediately upon removal of the original 

storage ring, a new control network was established in the 
empty tunnel. The original network was densified with ad-
ditional monuments. The absence of a machine in the tun-
nel provided a wider aspect ratio for measurement of the 
network than was possible during operations; instruments 
could be set up in the footprint of the old machine. A total 

of 1296 monuments were measured from 240 laser tracker 
positions. Temperature control was limited due to concur-
rent installation activities; doors to the outside were fre-
quently opened. The network was measured over the 
course of three weeks by a crew of two technicians using 
one Leica AT403 laser tracker. Network adjustment was 
accomplished using NETOBS software developed at the 
Facility for Rare Isotope Beams (FRIB) at Michigan State 
University [5]. Eight datum points from the original survey 
were defined as a priori weighted control coordinates for 
the adjustment. Results showed the average point uncer-
tainty was 31 µm, with a maximum uncertainty of 59 µm.  

After adjustment, the network was translated to best-fit 
existing infrastructure based on original layout marks on 
the floor of the tunnel. 

The storage ring control network serves as the primary 
control for the facility. Multiple secondary control net-
works have been established for the experiment hall that 
are tied directly to the primary storage ring network. Sec-
ondary networks are adjusted in SA using USMN, and 
best-fit to primary control using least-squares transfor-
mation. Currently we have placed >5,500 monuments for 
secondary networks. 

We have detected motion in some areas of the tunnel in-
frastructure due to seasonal temperature variance. Monu-
ments located adjacent to cold joints in the concrete tunnel 
structure move closer together in warm weather, and fur-
ther apart in cool weather, indicating expansion and con-
traction of the tunnel segments. The magnitude is approxi-
mately 100 – 200 µm, primarily in the longitudinal (Z) di-
rection.  These areas will be closely monitored going for-
ward. 

Plans to perform a smoothing survey in August-Septem-
ber 2024 were postponed until December 2024 to focus ef-
fort on x-ray beamline realignment. We anticipate the need 
for realignment of some areas of the storage ring in 2025 
based on the results of the December smoothing survey. 



INSTALLATION AND ALIGNMENT 
Preliminary Decisions 

The original installation goal was to align the APSU ma-
chine along the old APS storage ring profile to meet exist-
ing beamline infrastructure and minimize the need for 
beamline realignment. This goal was abandoned after 
much consideration in favor of aligning the machine to the 
ideal design lattice. The decision was driven by the results 
of a final survey of the original APS storage ring in 2021. 
The survey revealed a 16-ppm scaling error in the machine 
alignment, resulting in the circumference of the old ring 
being 17-mm longer than specified, confirmed by radio fre-
quency (RF) measurements taken by operations.  In addi-
tion, the radial and vertical alignment deviated by as much 
as 5-mm around the ring. The decision to align to the ideal 
lattice simplified storage ring alignment and produced a 
higher-quality machine; however, beamline realignment 
effort was significantly increased.  

Like the module assembly strategy, survey and align-
ment processes for module installation were extensively 
automated. Data acquisition, quality evaluation, analysis of 
data, generation of reduced coordinate files, and publica-
tion of reports were all scripted to ensure quality and con-
sistency. Except for a few special modules, all the acceler-
ator module types were interchangeable. Any module 
could be installed in any sector. Automated point renaming 
based on the installed location was employed. Scripting 
and automation played a key role in making it possible to 
install the new machine within a one-year window. 

Layout 
Layout of storage ring components and anchor bolt holes 

began upon completion of the survey network. Laser track-
ers were employed for layout of all points. Aluminum tem-
plates were utilized for common hole patterns that repeated 
across many sectors. Templates were composed of several 
segments that fit together like puzzle pieces to simplify 
moving them around and reduce weight. Non-templated 
points were laid out using SMR’s in pin nest holders, with 
transfer punches the same diameter as the pins. More than 
3,000 individual points were laid out prior to installation. 

Plinth Installation 
The first modules to be installed in the tunnel were the  

DLMA, DLMB and FODO types. These modules rest on 
large steel reinforced concrete bases, or plinths.  Fully as-
sembled plinth modules weigh approximately 20,000-kg, 
the FODO modules having the largest mass. There are 
120 plinth modules, 40 of each type. 

The plinth modules were transported on steel rollers and 
moved into rough position using a hydraulic dolly. Once in 
rough position, steel “end-riggers” were fastened to the 
ends of the plinth bases, and an A-frame hydraulic lift and 
adjustment system was pinned to the end-riggers. An im-
age of the A-frame system is shown in Fig. 5, and an end 
rigger mounted to a plinth is seen in Fig. 6. The A-frames 
were used to lift the plinths off the rollers for removal, and 
to align the plinths into the final position. The plinths were 

aligned using a laser tracker oriented to the control net-
work, using hydraulic assist for vertical adjustment and 
pusher bolts for horizontal adjustment. The end riggers 
were equipped with leveling feet; when the plinth bases 
were aligned to within +/- 1-mm the load was transferred 
on to the leveling feet and the A-frames were removed.  

 
Figure 5: A-frame hydraulic lift and adjustment system. 

 
Figure 6: Plinth end rigger support for module for grouting. 

Grout dams were installed at the base perimeter and 
epoxy grout was poured to fill the voids under the plinths. 
After the grout cured for 24 hours the dams and were re-
moved and the load was transferred from the end riggers 
on to the grout. Note that there is no point loading under 
the plinths – they are supported by grout alone. 

Fine alignment of upper module assemblies is performed 
after the grout cures and is discussed in the next section. 

Module Alignment 
With the plinths grouted in place, the upper DLMA, 

FODO and DLMB modules were aligned. The magnet ar-
rays were pre-aligned during assembly, enabling the entire 
upper module assembly to be aligned as a single unit. The 
cast-iron surface plates supporting the pre-aligned magnet 
arrays are adjustable in six degrees of freedom (6-DoF) in 
a semi-kinematic arrangement with minimal constraint. 
Three vertical adjusters align elevation (Y), pitch and roll; 
two horizontal adjusters align transverse (X) and yaw, and 
one horizontal adjuster aligns the longitudinal (Z) position. 
The diagram in Fig. 7 shows the upper module adjustment 
system. All six adjustment mechanisms are wedge jacks 



equipped with Belleville spring washers to pre-load the 
system and minimize alignment backlash. A diagram of the 
adjustment mechanisms is shown in Fig. 8. The intent is to 
treat the modules as rigid bodies; however, we encountered 
a minor problem with vertical coupling from horizontal ad-
justers. Slight deformation of the cast iron plate (<120 µm) 
was observed in a small percentage of the modules. The 
problem stems from misaligned spherical washers in the 
horizontal adjusters. The misalignment introduces cou-
pling to the vertical direction. A solution to the coupling 
issue has been developed and will be implemented in future 
realignment efforts. The effect of the coupling on overall 
magnet to magnet alignment is minimal. 

 
Figure 7: Upper module adjustment system. 

 
Figure 8: Wedge jack adjuster equipped with Belleville 
spring washers to pre-load the system and minimize align-
ment backlash 

After the plinth modules were aligned the QMQA and 
QMQB modules were installed. These smaller modules 
bridge the DLM and FODO modules, resting on their 
plinth bases. The QMQ modules utilize the same adjust-
ment hardware as the larger modules. The diagram in Fig. 1 
shows a complete sector with all modules installed. A fully 
aligned DLMB module is shown in Fig. 9. 

 
Figure 9: Fully aligned DLMB module. 

Completed sectors are surveyed after all modules are 
aligned. Analysis and reporting of alignment results are au-
tomated processes, ensuring consistent results are recorded 
for all sectors. 

Results 
The final module was installed and aligned in March 

2024; the results presented are the surveyed positions of 
the best-fit individual magnet centers as surveyed within 
the 2023 control network at the time of installation. A com-
plete smoothing survey was scheduled for August 2024, 
but was postponed until December to focus effort on beam-
line realignment.  

Installation survey results show radial magnet alignment 
to be 19-µm rms, with a maximum error of 101 µm. Verti-
cal alignment is 30 µm rms, with a maximum error of 
184 µm. Diagrams of the radial and vertical alignment re-
sults are shown in Figs. 10 and 11, respectively. 

 
Figure 10 : APSU storage ring radial alignment [mm]. 

 
Figure 11: APSU storage ring vertical alignment [mm]. 

The ring circumference is difficult to calculate from sur-
vey data as it is not a circle, but a 520-sided irregular pol-
ygon, and is better described as “beam path length”, or “s” 
in the physics lattice. The value of s is determined by the 
radio frequency (RF) of the machine and provides inde-
pendent verification of alignment quality.  

The formula to calculate the beam path length (s) based 
on RF is: 

𝑠𝑠 =
𝑐𝑐
𝑓𝑓
∗ 𝑛𝑛 



where 
c = speed of light (299,792,458 meters / second) 
f = rf frequency 
n = number of rf buckets = 1296 for the APS 
storage ring 

 
Beam path length calculations based on the design and 

measured frequencies are shown in Table 3.  
Table 3: APS Storage Ring E-beam Frequencies and Path 
Lengths  

Criteria Value Units 

Design frequency (fdesign) 352.055 MHz 

Measured frequency (fmeas) 352.054738 MHz 

Design length (sdesign) 1,103.608884 meters 

Measured length (smeas) 1,103.609699 meters 

Δlength (smeas – sdesign) 0.000815 meters 
 

Measured “s” is only 0.82-mm from the design value; 
0.74-ppm over the ~1,104-m storage ring circumference. 

While still in the commissioning phase, storage ring 
emittance measurement, conducted at 50 milliamps of 
beam current, leads to an emittance of 45 picometers-radi-
ans (pm.rad). For certain configurations of the APS, such 
as round beam mode, the emittance is as low as 28 pm.rad. 
This emittance measurement is comfortably the best 
(meaning lowest) in the world for synchrotron X-ray facil-
ities. The previous record, held by the Extremely Brilliant 
Source (EBS) at the European Synchrotron Radiation Fa-
cility (ESRF), is 134 pm.rad. [6] 

CONCLUSION 
The extraordinary results achieved by the APS survey 

and alignment team were the product of years of planning 
and preparation by a dedicated team of engineers and tech-
nicians. Laurent Chapon, director of APS, stated “It’s ex-
citing not just for our team, who worked hard to imagine, 
design, engineer, build and commission the new storage 
ring, but also for the entire light source community and the 
scientists who will make use of the brighter beams for dec-
ades to come to positively impact science and society.” [6] 

The APS survey and alignment team is honored to have 
contributed to this great success story; we look forward to 
a bright future for the renewed APS. 
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