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Brief Summary:  This document defines requirements for the undulator magnets and supports that 
are to be installed in the Linac Coherent Light Source.  
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1. INTRODUCTION 
  

1.1. Purpose 
 

This Engineering Specification Document (ESD), in conjunction with the associated fabrication 
specifications and drawings, defines the requirements for the magnets and the magnet support and 
motion systems to be used in the Linac Coherent Light Source (LCLS) Undulator System. Argonne 
National Laboratory is responsible for design and construction of the undulator and quadrupole magnets 
and all related support and motion systems for the LCLS Undulator.  

 
The support and motion systems are discussed in detail in another document, and are not dealt with 

in detail in this document. 
 
Engineering requirements for the quadrupole magnets are discussed in detail in 

another document, http://www-ssrl.slac.stanford.edu/lcls/prd/1.4-102-r0.pdf, and are not repeated 
here.  

1.2. Scope 
 

This ESD defines requirements for the magnets and the magnet support and motion systems in the 
LCLS undulator system. 

 
1.3. Description 

 
The primary requirements for the LCLS undulator system are described in PRD 1.4-001, which lists 

tolerances on the field quality, position, stability, and other parameters of the undulator and quadrupole 
magnets, vacuum chamber, and beam-diagnostic equipment. The PRD can be found at URL: 
http://www-ssrl.slac.stanford.edu/lcls/prd/1.4-001-r3.pdf. Vacuum and diagnostics systems and issues 
are not addressed in this document.   

 
1.4. Summary of Physics Requirements 

 
The engineering design requirements for the LCLS magnet and support systems are derived from 

the Physics Requirements Document # 1.4-001, rev. 3. The parameters listed in Table 1 dictate the 
required performance of the undulator and quadrupole magnets and their support and motion systems.  

 
Parameter  Value Unit 
Number of Undulator Segments 33 + 7  
Short break length 0.470 m 
Long break length 0.898 m 
Total Undulator length 131.520 m 
Minimum expected Undulator System lifetime 20 years 
Reference temperature for tolerances 20.0 °C 
Undulator period length 30.00 ± 0.05 mm 
Wiggle plane horizontal  
Total range of K adjustability for micro-tapering 0.6 % 
Total pole cant angle 4.5  mrad 
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Standard Effective K (tolerance is rms)  3.5000 ± 0.0005  
Phase slippage distance of 113×2π  3.656 m  
Undulator Segment yaw tolerance (rms)  240  µrad  
Undulator Segment pitch tolerance (rms)  80 µrad  
Undulator Segment roll tolerance (rms)  1000  µrad  
Knowledge of horiz. Segment pos. wrt. GA (rms)  10  µm  
Knowledge of vert. Segment pos. wrt. GA (rms)  5  µm 
Max. accum. phase error in Und. Seg. (@ 1.5 Å)  10  degree

s  
Earth magnetic field compensation error (rms)  1×10-5  T  
Abs. 1st field integral along Undulator Segment  <40×10-6 Tm  
Abs. 2nd field integral along Undulator Segment <50×10-6  Tm2  
Undulator system temperature range  20 ± 0.56  °C  
Nominal integrated quadrupole gradient 3.00 ± 0.03  T  
Maximum integrated quadrupole gradient 4.0  T 
Trim strength range  ± 3×10-4  Tm 
Trim stability   ± 3×10-7  Tm  
Trim settability  ± 1.5×10-6  Tm 
Quad. center stability after fiducialization  ± 10  µm 
Quad. center stability during  ± 20% grad. change   ± 3  µm 
Quadrupole motion positioning repeatability   ± 7  µm  
Short term (1 h) BPM and Quad stability   ± 2  µm 
Long-term (24 h) BPM and Quad stability  ± 5  µm 
Girder movement monitoring frequency  0.3  Hz  
Available Quad motion range radius  0.7  mm  
Maximum duration of full Quad motion  100 s 
Mover cal. error for large motions (>0.1 mm)  <5  %  
Stability of SUSA to GA distance <5  µm  
BPM and Quad stability to position sensors (rms)  2  µm  
Quad center position manual adjustment range  ± 2  mm 
Quad center position manual adjustment resolution 5 µm  
Longitudinal Girder motion constraint  ± 3  mm  
Quad transverse position change in roll-out cond  ± 25  µm  
Quad position reproducibility after roll-away cycle  ± 2 µm  
Horiz. seg. pos. repeatability in roll-away cycle  ± 10  µm 
Vert. segment pos. repeatability in roll-away cycle  ± 5  µm 
Max Undulator Segment roll-out or roll-in time 60  s 
Quad and BPM stability during K adjustments  ± 2  µm 
Girder, BPM, Quad, Und Seg roll tolerance  ± 1000  µrad  
Max. ambient Girder temperature cycling range  ± 5 °C  
Max hor. dist. between Quad. axis and GA   ± 140  µm  
Max ver. dist. between Quad. axis and GA   ± 80  µm  
CPMS BPM position monitoring accuracy (1 

mon)  
1  µm 

Longitudinal component positioning tolerance   ± 1  mm 
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Beam-stay-clear radius  2.3  mm 
Table 1: Physics requirements relevant to the undulator magnet and support system. 

 
1.5. Required Equipment 
 

This ESD either references documents listing, or itself specifies requirements for the design, 
fabrication, and acceptance testing of the quadrupole and undulator magnets and their support/motion 
systems. The systems are comprised of three major subsystems: the undulator magnet, the undulator 
support and mover system including fixed supports, and the quadrupole magnet and support. 

 
1.6. Design  

1.6.1. Undulator  
 
The undulator magnet design has evolved over a period of several years. A prototype device was 

manufactured, measured, tuned, and tested for stability over the intervening period. Improvements and 
almost all design changes were implemented in the prototype. The prototype is documented in a 
technical report,  Report Number ANL/APS/TB-48, LCLS Prototype Undulator Report, which can be 
found at: http://www.aps.anl.gov/Facility/Technical_Publications/techbulletins/tb48.pdf. The success of 
the prototype undulator gave confidence that the design concept and its implementation in hardware are 
sound and that the final design will result in excellent undulators.  

 
The production undulator is comprised of a 3.4-m-long titanium strongback into which precision-

machined aluminum bases that contain the vanadium-permendur magnet poles and NdFeB magnets are 
attached. Table 2 lists the basic parameters. Various improvements and upgrades were made, almost all 
of which were thoroughly tested out on the prototype. The prototype device, a photograph of which is 
shown in Figure 1, met or exceeded the LCLS physics and mechanical requirements as set forth in the 
PRD. The undulator design was reviewed and finalized, and a photograph of the first-article device from 
one of the two assembly vendors is shown in Figure 2. Earth-field shielding made of six sections of 
mu-metal, and implemented in the baseline, is mounted over the device as seen in Figure 3. A total of 40 
undulators are to be manufactured. Thirty-three devices are installed in the LCLS tunnel; six devices are 
operational substitutes to be installed if and when an installed device receives enough radiation to cause 
damage, and one is a reference module. 

 
Parameter Value Units
Undulator type planar hybrid 
Strongback Length 3.4 m
Magnet material NdFeB 
Magnet block dimensions (h, t, w) 66 × 9 × 56.5 mm
Permeable material Va Permendur 
Pole block dimensions (h, t, w) 44 × 6 × 48 mm
Undulator period 30 mm
Full gap at the beam centerline 6.8 mm
Nominal undulator field 1.249 T
Nominal undulator parameter 3.5000 
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Table 2: Basic Undulator Parameters. 
 
 

Figure 1: The Prototype Undulator, with its end section removed. The undulator cross-section is clearly visible, with 
titanium strongback, aluminum bases, and alternating NdFeB magnets and vanadium-permendur poles. 

 

 
Figure 2: First-article production undulator. 
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Figure 3: First-article undulator with prototype mu-metal shielding. 

 
 

1.6.2. Support and Motion System 
 
The undulator with its mu-metal shielding is mounted onto translation stages that are attached to 

and supported on a substantial steel girder. The translation stages allow remote retraction of the 
undulator out of the beamline by up to 80mm. The same girder also supports a quadrupole magnet, 
vacuum chamber with its associated strongback, various beam diagnostic elements, hydrostatic level 
piping, and water containers for alignment purposes. The girder is supported by and remotely-moveable 
by a set of 5 cam-shaft movers. Position information is provided by encoders, potentiometers, and limit 
switches – all discussed in the support and motion system ESD. The bearings, gearboxes, and motors are 
mounted onto interface plates that sit atop the two fixed-support pedestals. The fixed support pedestals 
are bolted into the floor and grouted into position with expanding epoxy grout. Figures 4 and 5 show a 
model of the undulator, quadrupole magnet, and other associated equipment mounted on the support and 
motion system.   
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Figure 4: Undulator and quadrupole mounted on the support and motion system. View from the aisle. 
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Figure 5: Undulator and quadrupole mounted on the support and motion system. This side is facing the tunnel wall. 

 
1.6.3. Fixed Supports 

 
 
The fixed supports are shown in Figures 4 and 5 above. They are the two-24-inch-diameter sand-

filled steel tubes with thick top and bottom plates that are bolted to the floor, aligned, and eventually 
grouted into position with expanding grout. The interface plate, also made of thick steel, sits atop the 
fixed supports and holds the cam-shaft movers, motors, and bearings. The girder’s hardened-steel wedge 
blocks rest on the hardened-steel bearings. 

 
The fixed supports are designed to be stable, and to resist torque that is applied thru the system 

during the undulator roll-on and roll-off or, possibly, as a result of other motions as well. 
   
 

2. TECHNICAL REQUIREMENTS 
 
The Advanced Photon Source/Argonne National Laboratory (APS/ANL) Statements of Work and 

attachments thereto provide detailed drawings and specifications for fabrication of parts, purchasing of 
catalog items, and procedures for assembly of all major components and subcomponents. General 
requirements for materials, fabrication, cleaning and surface treatment, handling and assembly, quality 
assurance and testing, and preparation for delivery are also specified where appropriate. Vendors shall 
supply parts in accordance with the documented requirements. Deviations must be approved in writing 
by APS/ANL.  
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2.1. Undulator Fabrication and Acceptance 

 
 The titanium strongbacks, magnet blocks, and magnet poles were classified as long-lead 

procurements [LLP] to be procured before the undulator assembly contracts were let. All information 
related to their fabrication, testing, inspection, and delivery is contained within the statements of work 
and drawing packages created by Argonne. Copies of all drawings in native format and/or PDF are part 
of the deliverables from Argonne to SLAC.  

 
All mechanical parts are 100% inspected as a requirement of the fabrication and assembly contracts. 
Any nonconformance at any stage of the subcomponent fabrication or final assembly process must 

be reported to Argonne and repaired unless the deviation is minor and is approved by Argonne. All 
documentation of each device is provided as a deliverable to SLAC.  

 
 Undulator assembly is performed using fixturing, templates, and other components specified in 

drawings and procedures, including videos, created by Argonne.   
 
Argonne factory-accepts each undulator; acceptance tests for each undulator include the following: 
 

1. A thorough visual inspection is made of the entire device to ensure that all external markings are 
correct and that everything else is in accordance with the requirements. 
2. All documentation is checked, verifying its existence and correctness. 
3. The gap size is checked with a go/no-go gauge that was made by the assembly vendor to 
specifications in the drawing packages. The go/no-go gauges are moved along the entire length of 
the undulator to verify that the gap is within the minimum and maximum tolerances. 
4. That the correct magnets are in the correct slots with the proper orientation is verified by 
checking photographs of the magnets after assembly into the aluminum bases, but prior to assembly 
of the bases into the strongbacks. Five (5) sample magnets from each lot are re-measured at Argonne 
for verification purposes. The photographed bases should be in complete agreement with the sorting 
list, both in location and orientation for that magnet lot. An example of such a photograph is shown 
in Figure 4. 
5. Uniformity of the peak magnetic field at each pole is checked with a portable Hall probe.   
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Figure 6: Magnets installed into an aluminum base. Slot numbers on the base are clearly visible as are magnet numbers 
and their orientations.  

 
As a result of the checks listed above, and because of the required and demonstrated shock-damping 

performance of the shipping crates, each device that arrives at SLAC is an undulator capable of being 
tuned to within the specified tolerances, assuming no mishandling during shipping.  

 
That an undulator has been assembled means that all critical assembly-related holes in the clamps, 

bases, poles, and strongbacks were dimensioned and placed correctly to within the specified tolerances. 
The precision in the pole position is determined by the APS-designed installation fixture that is used to 
assemble each of the 20 undulators that will be made by each of the two vendors. Both assembly firms 
produced first-article devices that were thoroughly inspected, measured, and tuned several times each at 
ANL. That the undulators were found to be of excellent quality in both cases means that the assembly 
fixtures made by each firm and the assembly procedures provided in our statement of work functioned 
correctly, as planned.   

 
2.2. Support and Motion System 

 
The subset of physics requirements that directly impact the design of the support and motion 

systems are listed in Table 3 below.  
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Parameter Value Unit 

Quadrupole motion positioning repeatability ±7 µm 
Short-term (1 h) BPM and Quad stability ±2 µm 
Long-term (24 h) BPM and Quad stability ±5 µm 
Minimum Quad motion range radius 1.0 mm 
Maximum duration of full Quad motion 100 s 
Quad center position manual adjustment range ±2 mm 
Quad center position manual adjustment resolution 5 µm 
Quad transverse position change in roll-out condition ±25 µm 
Quad position reproducibility after roll-away cycle ±2 µm 
BPM transverse position change in roll-out condition ±25 µm 
BPM position reproducibility after roll-away cycle ±2 µm 
Horizontal undulator position repeatability in roll-away cycle ±10 µm 
Vertical undulator position repeatability in roll-away cycle ±5 µm 
Maximum undulator roll-out or roll-in time 60 s 
Stability of Standard Und. Segment Axis to Girder Axis distance <5 µm 
Girder, BPM, Quad, Undulator roll tolerance ±1000 µrad 
Max. Horizontal distance between Quad. Axis and Girder Axis ±140 µm 
Max. Vertical distance between Quad. Axis and Girder Axis ±80 µm 

Table 3: Physics requirements with direct impact on the support and motion system design are listed. 

 
A detailed description of the support and motion system engineering requirements is available at 

http://www-ssrl.slac.stanford.edu/lcls/prd/1.4-112-r0.pdf. Results of thorough testing that was 
performed on the prototype systems are currently available in the form of presentations that were made 
at the final design review of the support and motion system 14-15 September 2006 at Argonne-APS. 

 
Presentations made at the final design review of the complete support and motion system are 

available online at Argonne and at SLAC. The link to the SLAC SharePoint site is: 
https://sharepoint.slac.stanford.edu/sites/LCLS%20Document%20Storage/01%20-
%20LCLS%20Systems/electronbeamsys/und/default.aspx?RootFolder=%2fsites%2fLCLS%20Docume
nt%20Storage%2f01%20%2d%20LCLS%20Systems%2felectronbeamsys%2fund%2fShared%20Docu
ments%2fSupport%20Mover%20Review%20060914%5f15&View=%7b812F6446%2d4114%2d4C1E
%2dB9E6%2d3E930DF3D680%7d. 

 
The final drawings and statement of work that are issued as an RFP by Argonne, and any 

modifications thereto, are part of the deliverable from Argonne to SLAC. 
 
Documentation of the fabricated and delivered system will include all inspection and test data, in 

addition to the standard deliverables.  
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2.3. Quadrupole Magnet Support System 
 

The quadrupole magnet is supported by a separate, manually-adjustable, stable stand that is bolted 
onto the girder. The adjustable stand allows for precise placement of the quadrupole during initial 
alignment. Its support system provides for manual adjustments in the X and Y planes.  

 
3. OTHER REQUIREMENTS   

 
3.1 Packaging and Shipping 

 
 The magnet assemblies will be protected from dust by a plastic-wrap cover, placed inside a 

symmetric group of tractor-tire inner tubes, and bolted down in a shipping crate that was specially 
designed for undulator transport. The crates are loaded onto an appropriate air-ride truck at the assembly 
vendor’s plant, secured in all dimensions to prevent motion, and driven to SLAC. ShockWatch units, 
one bolted directly onto each undulator, are used to monitor accelerations in all directions as well as 
temperature during the entire trip. Since each ShockWatch records shocks and temperature during 
loading, transport, and unloading, the handling at both ends of the trip is documented as well.  The 
ShockWatch units are returned for readout and re-use after each delivery.  

 
 
 
 
 
 
 


