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Argonne National Laboratory

Å First US National Laboratory, 

chartered July 1, 1946

ÅMulti-disciplinary facility operated 

by UChicago-Argonne, LLC for 

the U.S. Department of Energy

Å Focus on basic science research, 

energy storage and renewable 

energy, environmental 

sustainability, and national 

security.
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ADVANCED PHOTON SOURCE

Å Accelerator and X-ray R&D 

Å Biological Science

Å Materials Science

Å Chemical Science

ÅGeoscience

Å Environmental Science

Å Nanoscience (Center for 

Nanoscale Materials)

Å Pharmaceutical Research

Å Atomic, Molecular and 

Optical Physics

In operation since 1996, APS is the Premier National User Facility in 

the Western Hemisphere, hosting ~3,500 Scientists Per Year
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APS UPGRADE PROJECT

Å $815 M upgrade replaced the original 

APS electron storage ring with a new 

array of magnets; a multi-bend acromat 

lattice.

Å The upgrade reduces electron beam 

emittance by a factor of 70, and 

doubles stored beam current from 100 

mA to 200 mA. 

Å Increase X-ray beam brightness by two 

to three orders of magnitude.

Å Work on X-ray beamline facilities 

continues; expected completion in 2025
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1995 - 2023

Á After more than 25 years of operation, the original APS 

storage ring was shut down on April 24, 2023, 

disassembled and removed.
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ORIGINAL APS STORAGE RING



2024 - ???
Á New, pre-assembled storage ring modules were installed, 

and electrons were injected into the new ring on April 13, 

2024, less than one year after the shutdown. The first 

stored electron beam was achieved on April 20, 2024. 
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APS UPGRADE STORAGE RING



SCU DLM-A QMQ-A FODO QMQ-B DLM-B

Permanent 

magnet IDôs

DLM-A
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APS-U STORAGE RING ALIGNMENT REQUIREMENTS



APS Upgrade

Magnet Fiducialization Report
Measured By: Roberto Lopez / Spiro Skiadopoulos

Date Measured: 6/2/2021

Measurement Bench: RW2

Instrument / SN: Leica AT930 Laser Trackers / 751826 / 752307

Magnet: Q100003010

Report Created: 6/2/2021

Point Name X Y Z

(m) (m) (m)

M3_010_V 0 0 0

Point Name X Y Z

(m) (m) (m)

M3_010_0 -0.003218 0 0

Magnitude (m) 0.400048

Magnitude (m) 0.240633

Point Group

M3_010::VERTEX

Point To Object Dimension

M3_010::VERTEX Y

Object To Object Dimension

M3_010::VERTEX X

Point Group

M3_010::INTERSECT

Å First step in building an accelerator

Å Four-year effort to measure 1190 magnets

Å Two rotating wire benches for multipole magnets 

Å One Hall probe bench for dipole magnets

Å 6-mm RMS fiducial uncertainty for multipole magnets

Hall Probe Bench

Rotating Wire Bench
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MAGNET FIDUCIALIZATION



Å Five module types

Å Ring has 40 identical, repeating lattice sectors, 

each subtending 9 degrees of arc

Å Module coordinates expressed in ñgeneric 

sector latticeò frame; magnets are aligned to fit 

the lattice

Å All module types interchangeable for 

installation in any sector

Generic Sector 

Lattice
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MODULE ASSEMBLY



ÅMagnets and vacuum system assembled and aligned on 

205 modules (200 in ring plus 5 spares)

ÅEach magnet is QR coded to enable fiducial information 

retrieval from the component database for magnet sets  

installed on the modules

ÅNo adjustment mechanism is provided ï alignment relies 

on machine tolerances and is accomplished using shims 

and hard locating stops

ÅPython scripts optimize shim placement, perform local 

magnet fiducial coordinate transformations, and 

automatically rename points

ÅVacuum components and sub-assemblies installed after 

magnet alignment; pin stops used to align support 

structures. Vacuum system tolerance is +/- 250 mm
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MODULE ASSEMBLY



Å Magnet alignment verified using multiple 

laser tracker stations and USMN uncertainty 

analysis

Å Entire module assembly is fiducialized as a 

unit using multiple laser tracker setups and 

USMN uncertainty analysis
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MODULE ASSEMBLY



Á Spatial Analyzer

o Primary software tool for module alignment

o Sophisticated measurement plan tool automates multiple processing steps ï substantial savings in 

effort and reduction of errors

Á Leica Tracker Pilot 

o Automatically turns on laser tracker at desired time ï laser is on and warmed-up when technicians 

arrive for work.

o Simplified calibration checks and compensation

Á APS-U Component Database (CDB)

o Interfaces with Python to extract a list of magnets installed on any module

o List from CDB used for optimal shim calculations and coordinate transformations

o Module survey results are uploaded to CDB 

Á Excel

o Source of fiducial and reference data for Python shim calculations and coordinate transformations

Á Python / Jupyter Lab

o Custom programs developed to execute calculation of optimal shims and coordinate transformations

Multiple software tools utilized to streamline the module alignment process
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PROCESS AUTOMATION



- Arguments and Parameters coordination

- Multiple coordinate transformations between 

measured values and ideal positions

- Automatic point renaming

- File input paths and output paths

- ASCII file construction line by line

- Unit conversions 

Automated 

Measurement Plans *
Spatial Analyzer software operates 

on scripts to automate measurement 

and analysis steps, reducing the 

possibility of errors and saving 

significant time and effort

* Contributed by Sam Jarvis
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Network maintenance continues for the life of the machine

SURVEY CONTROL NETWORK
Network measurement began immediately after removal of old ring

Storage ring tunnel survey is the primary control network

Å Network measured in July 2023; just prior to installation

Å Limited temperature control

Å 240 laser tracker stations (Leica AT403)

Å 1,296 points measured

Å Adjustment performed using NetObs software; 31 mm average 3-D point uncertainty; 

Å New epoch to be surveyed in Autumn 2024; temperature tightly controlled to +/- 0.1 C

Multiple secondary control networks 

Å Adjusted in SA using USMN

Å Best-fit to primary control using least-squares transformation. 

Å Currently >4,500 points in secondary network

Å Continuously updated
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Å Layout for installation began immediately 

upon completion of the control network.

Å ~3,000 points to lay out; Anchor holes, 

module base corners and other geometry

Å Laser trackers oriented to control network

Å Templates used for majority of layout

Å Transfer punches used for individual points
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LAYOUT
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STORAGE RING MODULE 
INSTALLATION

Å Plinth bases adjusted to +/- 1 mm using hydraulic assist

Å Bases aligned on outriggers for grouting 

Å Module assembly supported only by grout

Å Fine alignment of upper module assemblies performed 

after grout cures
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STORAGE RING ALIGNMENT

Å Upper module cast-iron plate adjustable 

in 6-DOF

o 3 vertical adjusters

o 2 transverse adjusters

o 1 longitudinal adjuster

Å Wedge jacks with Belleville washer pre-

load to minimize alignment backlash

Å Semi-kinematic arrangement with 

minimal constraint

Å Minor problem with vertical coupling 

from horizontal adjusters; slight 

deformation of plate (~120 mm); only a 

few modules affected; solution to be 

implemented
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STORAGE RING ALIGNMENT

20

Å Stringent alignment tolerance.

o 100 mm RMS for Large modules 

(DLM to FODO)

o 50 mm RMS for bridge modules 

( QMQ to DLM or FODO)

Å SA Measurement plan scripts utilized 

for consistency in procedure and 

reporting
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STORAGE RING RADIAL ALIGNMENT
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STORAGE RING VERTICAL ALIGNMENT
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STORAGE RING CIRCUMFERENCE

Å Circumference difficult to calculate from survey data ï ring 

is a 520-sided irregular polygon ï better described as 

ñBeam Path Lengthò, or ñsò in the physics lattice

Å Determined by the radio frequency of the machine ï 

provides independent verification of alignment quality

Å Circumferential (ñsò) tolerance = 30 mm

Å Measured ñsò is only 0.82 mm from ideal; 0.74 ppm

s = c / f * n 

s actual =  (f actual/f ideal) * s ideal 
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s = c / f * n

IDEAL 1,103.608884 meters

Actual 1,103.609699 meters

Delta 0.000815 meters

s actual =  (f actual/f ideal) * s ideal

Actual 1103.609699 meters

Ideal Length (s ideal) 1,103.608884 meters

Ideal Frequency (f ideal) 352.055 MHz

Measured Frequency (f ideal) 352.054738 MHz

Number of Buckets (n) 1296

Speed of Light in Vacuum (c) 299,792,458 m/s
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eo = 3100 pm eo = 42 pm

APS APS Upgrade

STORAGE RING EMITTANCE
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While still in the 

commissioning phase, 

storage ring emittance 

measurement, conducted at 

50 milliamps of beam 

current, leads to an 

emittance of 45 picometers-

radians (pm.rad). For certain 

configurations of the APS, 

such as round beam mode, 

the emittance is as low as 

28 pm.rad. 

STORAGE RING EMITTANCE
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This emittance measurement 

is comfortably the best 

(meaning lowest) in the world 

for synchrotron X-ray facilities. 

The previous record, held by 

the Extremely Brilliant Source 

(EBS) at the European 

Synchrotron Radiation Facility 

(ESRF), is 134 pm.rad. 
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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 technicians. Laurent Chapon, director of 

APS, stated ñItôs exciting 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 decades to come to 

positively impact science and society.ò 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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CONCLUSION



R.I.P.
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