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Argonne National Laboratory

A First US National Laboratory,
chartered July 1, 1946

A Multi-disciplinary facility operated
by UChicago-Argonne, LLC for
the U.S. Department of Energy

A Focus on basic science research,
energy storage and renewable
energy, environmental
sustainability, and national
security.
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ADVANCED PHOTON SOURCE

In operation since 1996, APS is the Premier National User Facility in
the Western Hemisphere, hosting ~3,500 Scientists Per Year

Accelerator and X-ray R&D
Biological Science
Materials Science
Chemical Science
Geoscience
Environmental Science
Nanoscience (Center for
Nanoscale Materials)
Pharmaceutical Research
Atomic, Molecular and
Optical Physics

To o o Do Do T I To Do

Advanced
Photon Source

AAAAAAAAAAAAAAAA

17th International Workshop on Accelerator Alignment SLAC, Menlo Park, CA 7-11 October 2024




APS UPGRADE PROJECT .~ 77

A $815 M upgrade replaced the original

. : L i
APS electron storage ring with a new s
array of magnets; a multi-bend acromat
lattice 154D (ChemMatCAR
' 13-ID (GSECARS) 7 19-ID: ISN (XSD)

In Situ Nanoprobe
Long-Beamline Bldg.

20-ID: HEXM (XSD)
High-Energy X-ray Microscope

12-ID (XSD)
114D (XSD)

A The upgrade reduces electron beam
emittance by a factor of 70, and Conerns Suace Scatting

Imaging

doubles stored beam current from 100 2p:xecs xs)

X-ray Photon Correlation
Spectroscopy
mA to 200 mA. 7D (XSD)

6-ID (XSD)

' APS Upgrade Project APS Upgrade Project
feature beamlines | enhanced/improved
‘ beamlines

| 251D (XSD)

26-1D (CNM/XSD)
5.ID (DND-CAT)

A Increase X-ray beam brightness by two .. roa bl

Polarization Modulation

27-D (XSD)

28-ID: CHEX (XSD)

to three orders of magnitude. /it Ao
3-ID (XSD) )
2D (XSD) | 30-ID (XSD)
A Work on X-ray beamline facilities 14D (X5D) g .
continues; expected completion in 2025 550 yeno xso)
34-1D: ATOMIC and 3DMI{I (XSD)

Atomic and
3D Micro & Nano Diffraction
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ORIGINAL APS STORAGE RING
1995 - 2023

A 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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APS UPGRADE STORAGE RING
2024 - 7?7?77

A 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-U STORAGE RING ALIGNMENT REQUIREMENTS

Parameter Value Units
Storage Ring

Circumference (beam path length) 30 mm

Modules

Girder to girder (DLM to FODO) 100 im RMS (1-sigma cutoff)
Girder to girder (QMQ to DLM or FODO) 50 1m RMS (1.5-sigma cutoff)
Elements Within a Module

Magnet to magnet (multipole) 30 1m RMS (2-sigma cutoff)
Magnet to magnet (M1 and M2 dipoles) 100 m RMS (2-sigma cutoff)
Roll (multipole) 2 mrad

Roll (M1 and M2 dipoles) 0.4 mrad

Roll (beam position monitors) 1 mrad RMS (2-sigma cutoff)
Pitch / Yaw (multipole) 0.7 mrad RMS (2-sigma cutoff)
Vacuum / Diagnostic systems 250 um RMS (2-sigma cutoff)

Permanent DLM-A
| DLM-A | | QMQ-A | | FODO | | QMQ-B | | DLM-B | magnet | D6 s

SCuU
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MAGNET FIDUCIALIZATION aalx e e el lelw 2 _x_
A First step in building an accelerator B amm ome omen  mmanwms
A Four-year effort to measure 1190 magnets i o omme | | o108

A Two rotating wire benches for multipole magnets ECTEaET T e o

A One Hall probe bench for dipole magnets St G tomw Gmms  wmemnn e mes o
A 6-mm RMS fiducial uncertainty for multipole magnets o e [T e T T T Tom & [ o [ [ [ [ o

APS Upgrade °
Magnet Fiducialization Report Argonne

Measured By: Roberto Lopez / Spiro Skiadopoulos NATIONAL LABORATORY
Date Measured: 6/2/2021

Measurement Bench: RW2

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

Magnet: Q100003010

Report Created: 6/2/2021

M3_010::VERTEX

Point Name X Y z
(m) (m) (m)
M3_010_V 0 0 0

M3_010::INTERSECT
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MODULE ASSEMBLY

A Five module types
A Ring has 40 identical, repeating lattice sectors,
each subtending 9 degrees of arc
A Modul e coordinates expres|}
sector |l atticeo frame; ma
the lattice
A All module types interchangeable for
installation in any sector
| ’fljax e
Generic Sector [ == |
Lattice e
HEmsar
|
kmll'w AQ¥
-
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MODULE ASSEMBLY

A Magnets and vacuum system assembled and aligned on
205 modules (200 in ring plus 5 spares)

A Each magnet is QR coded to enable fiducial information
retrieval from the component database for magnet sets
installed on the modules

A No adjustment mechanism is provided i alignment relies
on machine tolerances and is accomplished using shims
and hard locating stops

A Python scripts optimize shim placement, perform local
magnet fiducial coordinate transformations, and
automatically rename points

A Vacuum components and sub-assemblies installed after
magnet alignment; pin stops used to align support
structures. Vacuum system tolerance is +/- 250 nm
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M O D U L E A S S E M B LY DLMA-1160 X (m) Y (m) 2 (m) Pitch(mr) | Yaw (mr) Roll (mr)
DAl6_AQl 0 0.000004 -0.000002 -0.000204 -0.020 0.075 -0.001
DAl6_AQ2Z 0 0.000008 0.000008 -0.000067 0.017 -0.001 -0.025
DAl6 AQ3 O -0.000009 0.000004 0.000063 -0.162 0.065 0.035
DAle_AS1 O -0.000005 -0.000016 -0.000046 -0.132 0.046 -0.031
DAle_AQ4_V -0.000003 -0.000002 -0.000016 -0.010 0.015 0.000
DAlG AS2 O -0.000002 -0.000003 0.000076 0.238 0.032 -0.045
DAle_AQS V -0.000010 0.000002 0.000057 -0.013 0.057 -0.017
DAle AS3 O -0.000002 -0.000004 0.000131 -0.123 | 0.182 0.008

Average -0.000002 -0.000002 -0.000001 -0.026 0.059 -0.010
RMS 0.000006 0.000007 0.000099 0.121 0.079 0.026
ABS Max 0.000010 0.000016 0.000204 0.238 0.182 0.045

A Magnet alignment verified using multiple
K laser tracker stations and USMN uncertainty

analysis
IS = ~«~""‘>—

A g A Entire module assembly is fiducialized as a
N7 A unit using multiple laser tracker setups and
V7S USMN uncertainty analysis
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PROCESS AUTOMATION

Multiple software tools utilized to streamline the module alignment process

A Spatial Analyzer
o Primary software tool for module alignment

o Sophisticated measurement plan tool automates multiple processing steps i substantial savings in
effort and reduction of errors

A Leica Tracker Pilot

o Automatically turns on laser tracker at desired time i laser is on and warmed-up when technicians
arrive for work.

o Simplified calibration checks and compensation

A APS-U Component Database (CDB)
o Interfaces with Python to extract a list of magnets installed on any module
o Listfrom CDB used for optimal shim calculations and coordinate transformations
0 Module survey results are uploaded to CDB

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

A Python / Jupyter Lab
o Custom programs developed to execute calculation of optimal shims and coordinate transformations
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e i) A b e R Reukin  RanaO
PitchHeaderabout: Stiing A20 Integer Nurnber of Equation: Fesult Ol FResult Ol
e il B e ey -t
RollHeaderabouiz Shing 14 ElTransform Objects by Delta (About Working Frame]
Move the §3 group by the aceepted lransformation - - -
£0 Colection Object Name Ref it Objects to Translom Enter T Eriies © M It I rd n t tr n f r m t n b tW n
& Toasom Bats Tarain R o ———— - ultl p e coordinate transto ations petwee

15 EIDecompose Transfomn into Doubles (Fixed XYZ)

PARSE OUT THE TRANSFORM INTO VARIABLES _ - Lt
‘e e, s measured values and ideal positions
a2 Double: v Result Only Result Only
il Double: Fix(Rol) FResul Oy Fesuit Orly.

A Daouble Ry (Pitch) Result Orly Rt Orly
Dkt Ao EomvaionPITEH o : : :
Fombemt i i - Automatic point renaming

TS ot Point Group in Dat
i/ Get i-th Point From Group
B Get Point Coordinate <Read the X ¥ Z value of 53 Oi

Point>

2
23 o - -
T - File input paths and output paths
Al Bookean MakeC5VRow Enler Value il
A2 sting Foirt Name Reference el
Al Double Hvaie Feference el
- M Dol ¥ wale Fleference i) cHle
SpatialAnalyzer N beme Frise b Bar . . . .
Lo = - ASCII file construction line by line

24__[¥ Close ASCH File
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* Contributed by Sam Jarvis - Unit conversions
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SURVEY CONTROL NETWORK

Network measurement began immediately after removal of old ring

Storage ring tunnel survey is the primary control network
Network measured in July 2023; just prior to installation
Limited temperature control

240 laser tracker stations (Leica AT403)

1,296 points measured

Adjustment performed using NetObs software; 31 nm average 3-D point uncertainty;
New epoch to be surveyed in Autumn 2024; temperature tightly controlled to +/- 0.1 C

ultiple secondary control networks
Adjusted in SA using USMN
Best-fit to primary control using least-squares transformation.
Currently >4,500 points in secondary network
Continuously updated

To o T To T Do o T T Do Do

Network maintenance continues for the life of the machine
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LAYOUT

A Layout for installation began immediately
upon completion of the control network.

A ~3,000 points to lay out; Anchor holes,
module base corners and other geometry

A Laser trackers oriented to control network
A Templates used for majority of layout

A Transfer punches used for individual points

Advanced
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STORAGE RING MODULE
INSTALLATION

Plinth bases adjusted to +/- 1 mm using hydraulic assist
Bases aligned on outriggers for grouting

Module assembly supported only by grout

Fine alignment of upper module assemblies performed
after grout cures

T> T T> I

Same Plinth Lift works Upstream and Downstream

Upstream
Plinth Lift

Downstream
Plinth Lift
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STORAGE RING ALIGNMENT

A Upper module cast-iron plate adjustable
in 6-DOF
o 3 vertical adjusters
0 2 transverse adjusters
o 1 longitudinal adjuster

A Wedge jacks with Belleville washer pre-
load to minimize alignment backlash

A Semi-kinematic arrangement with
minimal constraint

A Minor problem with vertical coupling
from horizontal adjusters; slight
deformation of plate (~120 nm); only a
few modules affected; solution to be
implemented
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STORAGE RING ALIGNMENT

Name  ACTUALS LATTICE Delta
X1 Y1 71 X2 Y2 72 dx dy dz Mag
A . . {m) {m) (m) {m) (m) {m) {m) {m) {m) (m)
525AQ1 0 -0.000014 0.000005 3.032916 0 0 3.033094 0000014 -0.000005 0.000178 0.000179
Strlngent allgnment tOIerance 525AQ02_0 0.000001 0.000014 3.675538 ] 3.675678 -0.000001 -0.000014  0.00014 0.000141

S25AM1_V -0.000012 0.000021 4.652622 0

o 100 IIII' RMS for Large modules S§25A03_0 -0.047133 0.000007 £.301325 -0.047119 6.301307 0.000014 -0.000007 -0.000018 0.000024

S25AS51_0 -0.057031 0.000007 6.647229 -0.057002 6.647114 0.000029 -0.000007 -0.000115 0.000119

0
0
0
0
(DLM to FODO) $25A04 V  -0.0714 -0.000004 7.150031 -0.071375 O 7.150038 0.000025 0.000004 0.000007 0.000026
0
0
0

4.652613 0.000012 -0.000021 -0.000009 0.000026

$25A52 0 -0.081316 -0.000019 7.519917 -0.081311 7.519803 0.000005 0.000019 -0.000114 0.000116
5$25AQ5 V -0.090612 -0.000026 7.865262 -0.090594 7.865274 0.000018 0.000026 0.000012 0.000034

O 50 mm RMS for bridge mOdUIeS S25AS53 0 -0.103834 -0.000041 8.380064 -0.103825 8.379829 0.000009 0.000041 -0.000235 0.000239
( QMQ to DLM or FODO)

A SA Measurement plan scripts utilized
for consistency in procedure and
reporting

.S. DEPARTMENT OF _ Argonne National Laboratory is a
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STORAGE RING RADIAL ALIGNMENT

APSU Magnet Center Radial Deviation From Ideal
Statistic dR [mm] Mag [mm)]
Min -0.078 0
Max 0.097 0.101
Average 0 0.02
StdDev from Avg 0.019 0.017
StdDev from Zero 0.019 0.026
RMS 0.019 0.026
Count 1160

APS Radial Profile - 2021 Epoch
[meters]

t
Sring Radius Point

0.003
0.002

0.001

-0.002

W"‘M@W Lk *’@\

-0.003

-0.004

dx (radial offset between ideal and observed fiducials) [mm]

U.s. DEPARTMENT OF _ Argonne National Laboratory is a
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STORAGE RING VERTICAL ALIGNMENT

APSU Magnet Center Vertical Deviation From Ideal
Statistic dY [mm] MagY [mm]
Min -0.164 0.000 ,.LH +HJ¢~ N’ ‘WJ’ ‘
Max 0.184 0.184 AH'&] fioe . '! ] o
Average -0.003 0.022 P 104 oi
StdDev from Avg 0.030 0.021 f M 07
StdDev from Zero 0.030 0.030 *W
RMS 0.030 0.030 P .-
Tol Range -0.060 40
0.060
In Tol 1098 (94.74%) ’ 1155%
Out Tol 61 (5.26%) ‘ )
0.092

Count 1160 Sring Radius Point 7

APS Vertical Profile - 2021 Epoch W oam
[meters] 1§19
- J »
! .

! \u‘\ U"o“ pv, ?
' # A W\ j . [ : . 89.3
[}
% \

H v \Di M;
? Imqwﬁnzg'r'r‘tnmwmw quﬂ'llﬁ? 0.000

APSUMagnet
Center

- H
I Vertical
-0.004 Deviation
.
o
3

[mm]

dy (vertical offset between ideal and observed fiducials)
=]
8
5]
——
ey,

+ =
SO0 EnEa NSNS ARHNRIRARRAY
R R AR AR AN AR AN AN AP A AARR AR RRRARAR
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STORAGE R|NG C|RCUMFERENCE Ideal Length(S gea) 1,103.608884|  meters
Ideal Frequencyf (jea) 352.055 MHz
A Circumference difficult to calculate from survey data i ring Measured Frequency fea) | 352.054738 MHz
is a 520-sided irregular polygon i better described as Number of Bucketsnj 1296
ABeam Path Lengtho, or fiso i [geeedoffigstinVecdymy s299.792g58 || anb t |i ¢
s=c/f*n

A Determined by the radio frequency of the machine i

provides independent verification of alignment quality _ N
S actual™ (factuallf ideal) Sideal

A Circumferential (fisd) tol er gree—=3606—mm
Tue Apr 23 03:02:37 CDT 2024
A Me a S u r e d ﬁ S (\) I S 0 n I y O . 8 2 m rT‘_j:;z:tseI:i:Z:&:)z:untiﬁ;\e::eniyBuecﬂiseuééﬂuaﬁwmlxTnCEromS'S‘Peﬁlmr:gmvdetﬁ-dscaﬂs.p F
s=c/f*n H”m ,
IDEAL 1,103.608884 | meters e []" : w
Actual 1,103.609699 | meters . | ‘
Delta 0.000815 meters 5 o155 [‘
_ —300 —280 —260 —240
Sactual— (factuarlf ideal) * Sideal AOT 4—IETS:BTC:SROffsetFreqC (Hz)
Actual 1103609699 meterS jota collected by sddsexperiment
(@ENERGY 5 Argonne & | s e
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STORAGE RING EMITTANCE

APS APS Upgrade

ul- ﬂ
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STORAGE RING EMITTANCE

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.

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.

A



CONCLUSION

The extraordinaryresultsachievedby the APS survey
and alignment team were the product of years of
planning and preparation by a dedicated team of
engineersaandtechnicians LaurentChapon,director of
APS, statedil | texziing not just for our team, who
worked hard to imagine, design, engineer,build and
commissiornthe new storagering, but alsofor the entire
light source community and the scientistswho will
makeuseof the brighterbeamsfor decadedo cometo
positively impactscienceandsocietyo The APS survey
and alignmentteamis honoredto have contributedto
this great successstory, we look forward to a bright
futurefor therenewed\PS
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