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Guidelines to the Reader 
 

• Sentences within the body of this documents have one of two purposes (1) 
General Remarks and (2) Physics Specifications for the Undulator System. For 
clarity, sentences that express Undulator System Physics Specifications are 
typeset in italic.  

• All rms specifications in the document imply a cutoff of ±3 times the rms value. 
• Specifications that are not explicitly marked as “rms”, are generally in “±”-

notation and specify a range based on a float-top distribution. 
 
 
 

Glossary 
 
ADS  Alignment Diagnostics System (9.1) 
BFW  Beam Finder Wire (3.1) 
BPM  Beam Position Monitor (3.1) 
GA  Girder Axis (4.6) 
GCS  Girder Coordinate System (4.6) 
HLS  Hydrostatic Leveling System (9.1) 
SCS  Segment Coordinate System (4.6) 
SUSA  Standard Undulator Segment Axis (4.6) 
WPM  Wire Position Monitoring System (9.1) 
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Requirements Summary 
 

Table 1: Summary of requirements listed throughout this document. A reference to the 
section that defines the parameter is given in column 4.  

Parameter Value Unit Ref. 
Number of Undulator Segments 33 + 7  2.2 
Short break length 0.470 m 2.2 
Long break length 0.898 m 2.2 
Total Undulator length 131.520 m 2.2 
Minimum expected Undulator System lifetime 20 years 2.4 
Reference temperature for tolerances 20.0 °C 2.6 
Undulator period length 30.00±0.05 mm 4.1 
Undulator gap height ≥6.8 mm 4.1 
Wiggle plane horizontal  4.2 
Horizontal Undulator Segment good field region ±2.0 mm 4.4 
Vertical Undulator Segment good field region ±200 µm 4.4 
Total pole cant angle 4.5 mrad 4.5 
Phase slippage distance of 113×2π 3.656 m 4.6 
Phase slippage tolerance  (@ 1.5 Å) ±175 mrad 4.6 
Undulator Segment yaw tolerance (rms) 240 µrad 4.6 
Undulator Segment pitch tolerance (rms) 80 µrad 4.6 
Undulator Segment roll tolerance (rms) 1000 µrad 4.6 
Minimum SUSA roll-out location wrt. GA  +80.0 mm 4.7 
Minimum SUSA roll-in location wrt. GA  -6.0 mm 4.7 
Knowledge of horiz. Segment pos. wrt. GA (rms)  10 µm 4.7 
Knowledge of vert. Segment pos. wrt. GA (rms) 5 µm 4.7 
Max. accum. phase error in Und. Seg. (@ 1.5 Å) ±175 mrad 4.10 
Earth magnetic field compensation error (rms) 1×10-5 T 4.11 
Abs. 1st field integral along Undulator Segment <40×10-6 Tm 4.12 
Abs. 2nd field integral along Undulator Segment <50×10-6 Tm2 4.13 
Undulator system temperature range 20.00±0.56 °C 4.16 
Nominal integrated quadrupole gradient 3.00±0.03 T 5.5 
Maximum integrated quadrupole gradient 4.0 T 5.5 
Trim strength range  ±3×10-4 Tm 5.6 
Trim stability  ±3×10-7 Tm 5.7 
Trim settability  ±1.5×10-6 Tm 5.7 
Quad. center stability after fiducialization ±10 µm 5.8 
Quad. center stability during ±20% grad. change ±3 µm 5.9 
Quad center short term (1 h) stability wrt ADS sensors ±1 µm 5.10 
Quad center long term (24 h) stability wrt ADS sensors ±3 µm 5.11 
Quad field gradient long term (24 h) stability. (rms) 0.25 % 5.13 
Quad roll tolerance wrt. GCS ±20 mrad 5.14 
Quad pitch tolerance wrt. GCS ±15 mrad 5.14 
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Parameter Value Unit Ref. 
Quad yaw tolerance wrt. GCS ±15 mrad 5.14 
BPM resolution over ±1 mm range (rms)  < 1 µm 6.2 
BPM charge range for full resolution 0.2 – 1.0 nC 6.2 
BPM short term (1 h) offset stability wrt ADS sensors ±1 µm 6.3 
BPM long term (24 h) offset stability wrt ADS sensors ±3 µm 6.4 
Max BPM calib. error over ±1 mm range ±10 % 6.5 
BPM horizontal alignment tolerance ±100 µm 6.6 
BPM vertical alignment tolerance ±100 µm 6.6 
BPM roll alignment tolerance (rms) 5 µrad 6.6 
Quadrupole motion positioning repeatability ±7 µm 7.1 
ADS short term (1 h) stabilization capability. ±2 µm 8.2 
ADS long-term (24 h) stabilization capability. ±5 µm 8.2 
Girder movement monitoring period 10 min 8.3 
Available Quad motion range radius 0.7 mm 8.4 
Maximum duration of full Quad motion 100 s 8.5 
Mover cal. error for large motions (>0.1 mm) <5 % 8.7 
Stability of SUSA to GA distance <5 µm 8.8 
Quad center position manual adjustment range ±2 mm 8.9 
Quad center position manual adjustment resolution 5 µm 8.9 
Longitudinal Girder motion constraint ±3 mm 8.10 
Quad transverse position change in roll-out cond. ±25 µm 8.11 
Quad position reproducibility after roll-away cycle ±2 µm 8.11 
BPM transverse position change in roll-out cond. ±25 µm 8.11 
BPM position reproducibility after roll-away cycle ±2 µm 8.11 
Horiz. seg. pos. repeatability in roll-away cycle ±10 µm 8.11 
Vert. segment pos. repeatability in roll-away cycle ±5 µm 8.11 
Max Undulator Segment roll-out or roll-in time 60 s 8.11 
Quad and BPM stability during K adjustments  ±2 µm 8.11 
Girder, BPM, Und Seg roll tolerance  ±1000 µrad 8.12 
Max. ambient Girder temperature cycling range  ±5 °C 8.13 
Max hor. dist. between Quad. axis and GA (rms) 115 µm 8.16 
Max ver. dist. between Quad. axis and GA  (rms) 80 µm 8.16 
ADS BPM position monitoring accuracy (1 mon) 1 µm 9.2 
WPM resolution  < 1 µm 9.4 
Long term (24 h) WPM stability 1 µm 9.5 
WPM high resolution radius  2 mm 9.6 
HLS resolution  1 µm 9.8 
Long term (24 h) HLS stability 5 µm 9.9 
HLS high resolution range  ±2 mm 9.10 
Longitudinal component positioning tolerance  ±1 mm 10.1 
Average vacuum pressure  <10−6 Torr 11.2 
Vacuum chamber to GA alignment tolerance ±200 µm 11.3 
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Parameter Value Unit Ref. 
Beam-stay-clear radius  2.3 mm 11.4 
Beam shutt-off amplitude  2.1 mm 11.4 
Vacuum chamber inner surface material Aluminum  11.5 
Minimum thickness of surface material 100 nm 11.5 
Segment vacuum chamber inner full height 5 mm 11.5 
Segment vacuum chamber inner full width 5 mm 11.5 
Segment chamber surface roughness long. slope tol. ≥ 10 mrad 11.7 
Segment chamber surface roughness trans. slope tol. ≥ 30 mrad 11.7 
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1. Introduction 
1.1. The primary goal of the LCLS is the production and saturation of FEL 

radiation over the 1.5-15 Å wavelength range (LCLS Wavelength Range) 
from a high energy electron beam supplied by the Linac. The radiation 
wavelength will be controlled through the electron beam energy over the 4.31 
– 13.64 GeV range. The goal is to produce a minimum number of 1012 FEL 
photons per pulse, measured at the short end of the LCLS Wavelength Range. 

1.2. To meet this goal, an Undulator System is required, as specified in this 
document. The Undulator System is comprised of the beamline section, and its 
supporting systems, that starts after the Tune-up Dump and ends at the Treaty 
Valve located in the Undulator Hall after the last Undulator Segment 
(precisely defined in the interface document ICD 1.1-503).  

1.3. For 1.5-Å FEL operations to saturate, a set of demanding tolerances have to 
be met both by the Undulator System itself and by the electron bunches 
delivered to the Undulator System. The electron beam needs to be matched to 
the undulator FODO channel with an average beta-function of about 30 m in 
the horizontal and about 28 m in the vertical plane; its rms launch position 
needs to stay within a radius of 7.3 µm with respect to the BBA established 
trajectory. The rms launch angle with respect to the BBA established 
trajectory should not exceed 0.26 µrad.  

1.4. In addition to the FEL radiation, there will be a large amount of spontaneous 
radiation produced by the Undulator System over a broad spectral band. The 
intensity of the spontaneous radiation is only dependent on electron beam 
energy, the number of electrons, and the magnetic field in the Undulator 
System. 

2. General Requirements 
2.1. The Undulator System will consist of a series of Undulator Segments (the 

array of Undulator Segments will also be called “the Undulator” in this 
document), a Vacuum System, Quadrupoles, BPMs, Beam Finder Wire (BFW) 
Devices, Beam Loss Monitors, a Support /Mover System, a Position 
Monitoring System, and controls and cables to remotely control and monitor.  

2.2. The Undulator is the heart of the FEL. It causes the electron beam to produce 
spontaneous and FEL x-ray radiation. There will be 33 Undulator Segments 
installed as part of the Undulator, separated by short and long breaks. Every 
break length is measured from adjacent end faces of the 3.400-m-long 
Undulator Segment strongbacks. The short break lengths are 0.470 m. Every 
third break length is 0.898 m long. This will be called a 2-2-4 configuration 
indicating that, in the breaks, the electrons slip behind the radiation wave by 2 
and 4 wavelengths for the short and long break lengths, respectively. The total 
length of the Undulator from the upstream face of the first Undulator Segment 
strongback to the downstream face of the last Undulator Segment strongback 
is 131.520 m. In addition to the 33 initially installed Undulator Segments 
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there will be 7 more Undulator Segments required: 1 fully assembled 
Reference Segment, 3 fully assembled Validation Segments plus parts to 
assemble three additional Contingency/Spare Segments (including material 
for supports). The Validation Segments will be used in the LCLS Undulator 
Validation Program, which includes routine replacement of installed Segments 
with Validation Segments (initially, at an expected rate of 3 Segments a 
month) to allow monitoring of Segment deterioration, especially radiation 
damage to the undulator magnets. The Contingency Segments will be used to 
increase the length of the Undulator if electron beam parameters are 
insufficient to achieve saturation with the initially installed length. If the 
electron beam quality is sufficient, the Contingency Segments will be 
converted into the Validation program, otherwise additional spares need to be 
purchased before normal user operation will start. Space for the installation of 
Optical Transition Radiation Monitors, Wire Scanners as future expansion 
option (see ESD 1.4-109 and 1.4-110) will be reserved in each long break 
section. 

2.3. The Undulator System must be designed to withstand earthquake-generated 
forces, without significant damage. [1]  

2.4. The Undulator System must be designed for high reliability with a minimum 
expected lifetime of 20 years, provided proper maintenance is performed. 

2.5. The Undulator System must be designed for minimal maintenance. 

2.6. All tolerances apply at 20.0 °C ambient air temperature. All tolerances apply 
subject to a heat flux of up to 3 W/m2 from any direction, either radiant, or 
convective, or combined. 

3. Configuration of Components 
3.1. Manually Adjustable Mounting Platforms (AMPs) will be part of the girder 

assembly. Girder movers will rest on the AMPs. Girder Assemblies will rest 
on the Girder movers. Each Girder Assembly shall support a Beam Finder 
Wire (BFW), an Undulator Segment, a Quadrupole, a Beam Position Monitor 
(BPM), a portion of the vacuum system and diagnostics. The Beam Finder 
Wire shall be fiducialized to the upstream end and the Quadrupole to the 
downstream end of the Undulator Segment with the same accuracy as 
specified in Table 5 for the Quadrupole. Each Girder Assembly is required to 
move as a rigid body under the control of the movers.  

3.2. The Quadrupole and the BPM on each Girder are mounted either together or 
separately onto a manually adjustable mount attached to the Girder. The 
Undulator Segment is mounted to the Girder separately so that it can be 
moved horizontally off the beamline without affecting the position of the other 
components.  

3.3. The gap of the Undulator Segments will be open toward the closest Undulator 
Hall wall (away from the main aisle). 
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Table 2: Keff settings for each of the 33 LCLS Undulator Segment locations. 

Segment Location Keff  Segment Location Keff 
    
1 3.5000± 0.0005(rms)   18 3.4922± 0.0005(rms) 
2 3.4996± 0.0005(rms)  19 3.4917± 0.0005(rms) 
3 3.4991± 0.0005(rms)  20 3.4913± 0.0005(rms) 
4 3.4986± 0.0005(rms)  21 3.4909± 0.0005(rms) 
5 3.4982± 0.0005(rms)  22 3.4904± 0.0005(rms) 
6 3.4977± 0.0005(rms)  23 3.4899± 0.0005(rms) 
7 3.4972± 0.0005(rms)  24 3.4895± 0.0005(rms) 
8 3.4968± 0.0005(rms)  25 3.4890± 0.0005(rms) 
9 3.4964± 0.0005(rms)  26 3.4885± 0.0005(rms) 

10 3.4959± 0.0005(rms)  27 3.4881± 0.0005(rms) 
11 3.4954± 0.0005(rms)  28 3.4876± 0.0005(rms) 
12 3.4950± 0.0005(rms)  29 3.4872± 0.0005(rms) 
13 3.4945± 0.0005(rms)  30 3.4867± 0.0005(rms) 
14 3.4940± 0.0005(rms)  31 3.4862± 0.0005(rms) 
15 3.4936± 0.0005(rms)  32 3.4858± 0.0005(rms) 
16 3.4931± 0.0005(rms)  33 3.4853± 0.0005(rms) 
17 3.4927± 0.0005(rms)    

     

4. Undulator Segments 
4.1. Each Undulator Segment is based on planar undulator technology with a 

period of 30.00±0.05 mm. (The nominal vertical gap is 6.8 mm or larger.) 

4.2. The wiggle motion of the electron beam caused by the magnetic field of the 
Undulator Segments will be in the horizontal plane. 

4.3. The effective K-value required for each Undulator Segment depends on the 
Undulator Segment’s location within the Undulator. The change in K-value 
from Undulator to Undulator is called Micro-Tapering and is required to 
support the FEL gain process, i.e., compensate for energy loss from 
spontaneous radiation and wakefields, enhance FEL gain, and increase 
radiation levels after saturation. Individual Undulator Segments themselves 
will not be tapered. The K-values necessary to implement micro-tapering 
sufficient for compensation of energy loss from spontaneous radiation and 
from wake fields at 1.5 Å (0.34 % energy taper, 0.39 % K taper) are listed in 
Table 2.  

4.4. The good field region, i.e., the transverse space in which the field tolerances 
apply shall extend over ±2 mm in x and ±200 µm in y. 

4.5. The Undulator Segment shall have canted poles, i.e., vertically adjacent poles 
form a total angle of 4.5 mrad with respect to each other in order to make Keff 
dependent on the horizontal position within the undulator gap. The pole 
pieces will be arranged symmetrically about a horizontal mid-plane. The 
polarity of the cant angle shall be such that the vertical separation (gap) 
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between vertically adjacent poles increases away from the center of the 
strongback.  

4.6. Every Undulator Segment will be tuned to a different magnetic field 
specification depending on its target location within the line of undulators 
with the effective K value (Keff,), measured along the Standard Undulator 
Segment Axis (SUSA), set to the values as listed in Table 2. The Undulator 
Segment end poles will be tuned to achieve a total phase slippage of 
113×2π ±0.175 rad over a distance of 3.656 m symmetric to the undulator 
pole array. The SUSA will be defined through the tuning process. The SUSA 
should be parallel to the geometric center line of the Undulator Segment. The 
SUSA is one axis of the segment coordinate system (SCS), defined by magnetic 
and mechanical measurements. The SCS will be referred to undulator 
alignment fiducials on the segment strongback. 

The Quadrupole, BPM, and BFW of each Girder Assembly will be aligned to 
the SCS. At this point in the procedure we define the Girder Coordinate 
System (GCS) to be coincident with the SCS. While the SCS will move with 
the undulator segment, the GCS will not.  The GCS moves with the Girder. 
The Girder Axis (GA) is the one axis of the GCS that coincides with the 
SUSA when the Undulator Segment is in its neutral position. For each 
Undulator Segment the yaw tolerance is 240 µrad (rms), the pitch tolerance 
is 80 µrad (rms), and the roll tolerance is 1000 µrad (rms), the nominal 
values of pitch, yaw, and roll are zero. The yaw and pitch tolerances refer to 
angles between the SUSA and the centerline through the adjacent quadrupole 
magnets pivoting at the center z-location of the Undulator Segment. 

4.7. The horizontal motion range of each Undulator Segment with respect to the 
GA is +80 mm (away from the vacuum chamber) and -6 mm (towards the 
vacuum chamber). 

4.8. The horizontal motion distance of each Undulator Segment with respect to the 
GA must be known to better than 10 µm (rms) within the range necessary for 
the K adjustments specified in 8.11. The vertical position change after the 
horizontal motion will be known to better than 5 µm (rms). The rms is to be 
taken over all Segments. 

4.9. The K adjustment capability shall be remotely controllable. 

4.10. The magnetic field along each Undulator Segment needs to be corrected so 
that the accumulating relative phase (at a wavelength of 1.5 Å) between the 
electron beam and the radiation field will not deviate by more then ±175 mrad 
(10 degrees) from the ideal value at any point along each Undulator Segment.  

4.11. The Earth Magnetic Field along the Undulator needs to be compensated to 
1×10-5 T rms or smaller. This will be done as part of the field tuning 
procedure in the MMF for each Undulator Segment. Azimuth and gap 
orientation of the Undulator Segment with respect to the Earth Magnetic Field 
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in the MMF will be the same as in the Undulator Hall. Additional field 
corrections of the environmental magnetic field in the MMF may be required. 

4.12. The absolute value of the first integral of the magnetic field shall be less than 
40×10-6 Tm for each Undulator Segment. 

4.13. The absolute value of the second integral of the magnetic field shall be less 
than 50×10-6 Tm2 for each Undulator Segment. 

4.14. Alignment fiducials will be mounted on the undulator strongback as needed. 
There shall be eight fiducials per Undulator Segment, four each in the 
horizontal and vertical planes, which include the beam axis. Each Undulator 
Segment end shall have a roll reference surface. 

4.15. The Undulator Segment needs to be mountable on and removable from the 
Girder with the vacuum chamber in place and without compromising the 
alignment of the vacuum chamber. 

4.16. The Undulator system will stay within tolerance in an environment with the 
following characteristics: The absolute temperature along the Undulator will 
stay within a range of 20.00±0.56 °C at all times. 

5. Quadrupoles  
5.1. The planar Undulator Segments provide weak vertical focusing for the 

electron beam. The main focusing along the Undulator is provided by a 
FODO lattice based on separate quadrupole magnets (Quadrupoles). 

5.2. There shall be one Quadrupole downstream of each Undulator Segment. (See 
Section 10.1) 

5.3. The Quadrupole polarity between sequential Quadrupoles shall alter between 
horizontally focusing and horizontally defocusing. (See section 10.1) 

5.4. The Quadrupole in the first break shall be horizontally defocusing. (See 
section 10.1) 

5.5. The Quadrupoles shall be based on electromagnetic technology. The nominal 
absolute value of the integrated gradient of each Quadrupole for both families 
is 3.00±0.03 T, with a maximum value of 4.0 T. 

5.6. Each Quadrupole shall have corrector windings integrated into its design that 
will add an on-axis dipole field with independently adjustable amplitudes of 
its horizontal and vertical components. The integrated corrector field of each 
component will be adjustable within the range of ±3×10-4 Tm. 
(Corresponding to a change of the magnet Quadrupole center of the 
Quadrupole by ±100 µm) 

5.7. The stability of the corrector field shall be ±3×10-7 Tm (0.1 % of adjustment 
range limit), its settability ±1.5×10-6 Tm (0.5 % of adjustment range limit). 
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5.8. The magnetic center of each Quadrupole magnet shall not move by more than 
±10 µm with respect to the magnet's fiducials, after quadrupole 
fiducialization. 

5.9. The magnetic center of each quadrupole magnet shall not move by more than 
±3 µm when the gradient is changed by ±20% with respect to its operational 
value. 

5.10. The magnetic center of each Quadrupole shall be stable with respect to the 
closest sensors of the Component Positioning Monitoring System (see Section 
9 for definition) to better than ±1 µm during a 1-hour period.  

5.11. The magnetic center of each Quadrupole shall be stable with respect to the 
closest sensors of the Component Positioning Monitoring System (see Section 
9 for definition) to better than ±3 µm during a 24-hour period over a ±1 mm 
range of beam positions. 

5.12. All Quadrupole magnets shall remain powered during tunnel access, 
requiring an electrical safety cover, which does not impede alignment. 

5.13. The Quadrupole field gradients shall be stable to ±0.25 % over a 24-hour 
period. 

5.14. Rotational tolerances of the Quadrupole magnets with respect to the Girder 
Coordinate systems are roll ±20 mrad, yaw ±15 mrad, and pitch ±15 mrad. 

6. Electron Beam Diagnostics  
6.1. The main diagnostics components for determining the relative transverse 

position of the electron beam along the undulator are beam position monitors 
(BPMs). It is important for achieving the maximum gain in FEL amplification 
that the electrons maintain a well defined phase relationship with the radiation 
wave. This condition will be fulfilled if both beams travel collinearly along 
the undulator. Any deviation of the electron trajectory from a straight line, 
which might be caused by magnetic and/or electric error field components, 
will delay the electrons with respect to the wave and will disturb their relative 
phase relationship. In addition there will be Beam Loss Monitors and space 
for an Optical Transition Radiation Monitor and a Wire Scanner in every long 
break section.  

6.2. The resolution of each BPM shall be better than 1 µm rms in both the 
horizontal and vertical directions for electron beam charges between 0.2 nC 
and 1.0 nC, over a ±1 mm range of beam positions for a single electron 
bunch. Occasionally, the charge can be lower than 0.2 nC, in which case the 
full BPM resolution is not needed. 

6.3. The offsets of the BPMs shall be stable with respect to the closest sensors of 
the Component Positioning Monitoring System (see Section 9 for definition) to 
better than ±1 µm during a 1-hour period over a ±1 mm range of beam 
positions.  
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6.4. The offsets of the BPMs shall be stable with respect to the closest sensors 
Component Positioning Monitoring System (see Section 9 for definition) to 
better than ±3 µm during a 24-hour period over a ±1 mm range of beam 
positions. 

6.5. The maximum static rms BPM gain calibration error is 10% over a ±1 mm 
range of beam positions. The overall BPM gain stability shall be consistent 
with offset stability requirements as specified in 6.3 and 6.4) 

6.6. The alignment tolerances of the BPM are 5 mrad (rms) in roll and ±100 µm 
(rms) in horizontal and vertical directions with respect the Girder Coordinate 
System. 

6.7. It has been demonstrated [2,3] that RF cavity BPMs meet the required 
specifications. 

6.8. In each long straight section space will be reserved for the installation of an 
Optical Transition Radiation Monitor (OTR) and a Wire Scanner (WS). These 
diagnostics components might be added as a future expansion to measure 
electron beam matching and projected beam emittance. The rate with which 
electron bunches can enter the undulator system will be limited to 1-10 Hz 
when an OTR is inserted. The electron beam will not be allowed to enter the 
undulator during the insertion or extraction process of an OTR in order to 
avoid hits to the OTR frame. 

6.9. The readings from the Component Positioning Monitoring System (see 
Section 9 for definition) will be available for Girder position control. 

7. Electron Beam Trajectory Control 
7.1. The electron beam trajectory will be corrected by using a combination of the 

off-axis fields of the Quadrupoles and dipole corrector trim coils that are an 
integrated part of the Quadrupole design (see 5.6). Coarse adjustment of the 
kick angle will be accomplished by remotely changing the horizontal and 
vertical positions of each Quadrupole through Girder motion as described 
below. The Girder motion system shall allow the positioning of each 
Quadrupole to within an interval of ±7 µm with respect to the target position. 
The dipole corrector trim coils will be used for fine adjustments of the kick 
angle. 

8. Support /Mover System 
8.1. The Support/Mover System shall, under remote operation, move the Girder 

Assemblies transversely to the beam. 

8.2. The Support/Mover System will be designed to keep the transverse location of 
the Quadrupole and the BPM stable with respect to their previous position as 
measured by the ADS to better than ±2 µm over a 1-hour period and to better 
than ±5 µm over a 24-hour period, in order to support the Beam Based 
Alignment procedure. [See Section 14]  
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8.3. An Alignment Diagnostics System (ADS, see Section 9) will be used to keep 
track of BPM movements by monitoring the Girder. Changes in transverse 
BPM position as detected by the ADS will be used to correct the BPM offset 
values. The ADS will be used by the Girder mover system to monitor, in real 
time), the position of the Girder during Girder moves (a full position reading 
of all girders every 10 minutes. 

8.4. The Support/Mover System is required to have a range of motion such that 
each Quadrupole can be moved ±0.7 mm in any transverse direction from its 
neutral position, independently of other Quadrupoles. The motion of the 
Girder movers for different Girders will be coupled such that orthogonal 
position control is provided for each Quadrupole. The motion control will 
allow moving a single Quadrupole independently in horizontal and vertical 
direction without affecting the adjacent Quadrupoles and without introducing 
roll to the Girder Assembly. All Girder components will be moved together 
when a Quadrupole is repositioned so that the Beam Finder Wire, the 
Undulator Segment, the Quadrupole, the BPM and the vacuum chamber will 
stay aligned to the GA.  The motion will be designed and controlled such that 
the relative alignment between the Quadrupole axis and the GA of the 
adjacent Girder will be maintained. 

8.5. The time it takes to move any one Quadrupole from one extreme position to 
the other shall be less than 100 s, including iterations. 

8.6. The control system shall be capable of moving different Girders 
simultaneously. 

8.7. The “calibration error” of the mover system is defined as the difference 
between the motion of the Quadrupole center requested and the motion 
obtained, in each dimension, divided by the motion requested. For any 
motions requested greater than 0.1 mm the maximum allowed calibration 
error is 5%. 

8.8. The transverse distance between the SUSA and the GA (see Section 4.6 for 
definition) must be stable to within 5 µm, under all operating conditions. 

8.9. The Quadrupole center position shall be manually adjustable with respect to 
the Girder. Quadrupole roll adjustability is not required. The manual 
adjustment range is ±2 mm in the horizontal and vertical directions. The 
resolution of the adjustment mechanism should be such that it can easily be 
set to within 5 µm.  

8.10. The Girder shall be kinematically constrained against motion in the 
longitudinal direction with respect to the girder. The constraint shall be 
manually adjustable with a ±3 mm range. 

8.11. The Undulator Segments will have “remote rollaway” capability. 
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(a) The first and second integrals of the magnetic field along the GA when an 
Undulator Segment is in the ‘out’ position shall not exceed the ambient 
magnetic field levels by more than specified in 4.12 and 4.13. 

(b) A Quadrupole must not move more than ±25 µm with respect to the GA 
when the Undulator Segment, which is mounted on the same Girder, is 
rolled out. The Quadrupole shall return to its original position to within 
±2 µm relative to the GA when an Undulator Segment is rolled through a 
full cycle: out and back in. 

 (c) A BPM must not move more than ±25 µm with respect to the GA when the 
Undulator Segment, which is mounted on the same Girder, is rolled out. 
The BPM shall return to its original position to within ±2 µm relative to 
the GA when an Undulator Segment is rolled out and back in. 

(d) When an Undulator Segment is rolled out and back in it shall return to its 
original horizontal position to within ±10 µm and to its original vertical 
position to within ±5 µm with respect to the GA, even after 10 cycles. 

(e) The time required to remotely roll an Undulator Segment out shall not be 
longer than 60 s. 

(f) The time required to remotely roll an Undulator Segment back in shall 
not be longer than 60 s. 

(g) Any number of Undulator Segments should be rollable, simultaneously. 
(h) When an Undulator Segment is moved for K adjustments by, ±2 mm, the 

Quadrupole and BPM positions should not move more than ±2 µm. 
{Open for input from Engineers} 

8.12. The angular roll tolerance around the Beam Axis on the Girders, BPMs, and 
Undulator Segments is ±1000 µrad; the nominal roll value is zero. 

8.13. The relative alignment of the Quadrupoles, BPMs, and Undulator Segments 
shall not be compromised after a temperature cycling of ±5 °C. 

8.14. The Support/Mover System will allow remote horizontal adjustments of the 
Undulator Segment with respect to the GA for the purpose of alignment and 
control of the effective K-value. 

8.15. The Support/Mover System will allow a Segment to be replaced with a 
Validation Segment (see 2.2) on a regular basis to be ready for use within 
approximately one shift.  

8.16. During operation, each Undulator Segment shall be aligned so that the axis 
connecting the magnetic centers of the adjacent quadrupoles stays vertically 
to within 80 µm (rms) of the midplane and horizontally to within 115 µm 
(rms) to the SUSA plus horizontal motion distance (see Section 4.6 for 
definition) over the entire length of the Undulator Segment. 

9. Alignment Diagnostics System 
9.1. The Alignment Diagnostics System (ADS) shall consist of a Wire Position 

Monitoring System (WPM) and a Hydrostatic Leveling System (HLS). 
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9.2. The ADS shall track changes in transverse position of the BPMs and 
Quadrupoles (due to ground motion or temperature changes) to 1 µm 
accuracy over the course of several weeks to one month. This position 
information will be used between two applications of the beam based 
alignment procedures to correct for changes in the electron beam trajectory. 

9.3. A WPM system shall be installed as part of the ADS to monitor transverse 
motion of the Girders. 

9.4. The resolution of the WPM system shall be significantly better than 1 µm. The 
resolution needs to be sufficiently small so that the signal can be used to 
monitor BPM motion to 1 µm accuracy. 

9.5. The WPM system shall be stable under operational conditions to 1 µm in 24 
hours. 

9.6. The WPM resolution and stability tolerances shall be obtained within a 2 mm 
radius. 

9.7. An HLS shall be installed as part of the ADS to measure the vertical motion of 
the Girders and girders. 

9.8. The resolution of the HLS shall be 1 µm. 

9.9. The HLS shall be stable under operation conditions to 5 µm in 24 hours. 

9.10. The HLS resolution and stability tolerance shall be obtained within ± 2 mm. 

10. Component Locations 
10.1. Component locations are determined by the Optics Definition File PRD 1.9-

002. Unless otherwise stated the tolerance on the relative longitudinal (z) 
location of the components is ±1 mm. 

11. Vacuum System 
11.1. A continuous vacuum chamber will run throughout the Undulator System. 

11.2. The Vacuum System will be designed to produce an average pressure of less 
than 10−6 torr. 

11.3. The vacuum chamber axis shall be aligned to the GA (see section 4.6 for 
definition) to within ±200 µm. 

11.4. The beam-stay-clear radius around the GA is 2.3 mm. The beam-stay clear 
radius defines the area in which the electron beam can be positioned without 
hitting any vacuum chamber components. The electron beam shall be shut off 
if its position from the GA exceeds 2.1 mm to prevent the generation of 
damaging radiation. 

11.5. The material of the vacuum chamber surface seen by the electron beam shall 
be aluminum, with a minimum thickness of 100 nm. The use of other material 
over very short distances might be permissible if approved by the Undulator 



 

 

________________________________________________________________________________________________
PRD 1.4 -001-r4  Check the LCLS Project website to verify 
18 of 22  that this is the correct version prior to use. 
 

System Physicist. The inner dimensions of the vacuum chamber inside the 
Undulator Segment shall be 5 mm full height and 10 mm full width. 

11.6. Of importance is the impedance that the vacuum chamber presents to the 
beam. There are three main contributors to the impedance of the vacuum 
chamber, i.e., its electrical surface conductivity, its surface roughness, and its 
geometric shape. The goal is to keep the contribution from surface roughness 
and geometric shape small (less then 10 %) compared to the contribution from 
the finite electrical conductivity.  

11.7. The surface roughness impedance dependents on the steepness (slope) of 
surface height variations. For a flattened surface sample, the surface height 
can be expressed as h(z,x), where the z-axis is parallel to the beam axis 
(longitudinal direction) and the x-axis is perpendicular to it (transverse 
direction). Slope tolerances, expressed in terms of the rms (taken over 
distances up to 10 mm) of surface height derivatives  in longitudinal  

 ( )( )2

,
( / ) ,rms

z x
dh dz dh z x dz=  

and transverse direction 

 ( )( )2

,
( / ) ,rms

z x
dh dx dh z x dx= , 

are given in the following table: 
      

Table 3: Surface Roughness Tolerances  
  (dh/dz)rms (dh/dx)rms 
Segment Chambers (5 mm×10 mm, elliptical)   
 Top and Bottom <10 mrad <50 mrad 
 Sides <30 mrad <85 mrad 
    
Circular Break Section Chambers (8 and 10 mm ID)   
 BPM Pipe, Bellows Shield (10 mm ID) <60 mrad <120 mrad 
 Quadrupole Chamber (8 mm ID) <25 mrad <80 mrad 
 

If roughness slopes exceed these tolerances by a moderate amount, the 
surface roughness wakefields increase until they become comparable to the 
resistive wall wakefields, at which point the goal stated in 11.6 will no longer 
be met and the roughness wakefields’ predicted impact on FEL gain just 
starts to be significant. The following table shows reduced tolerance 
requirements for the longitudinal slopes of Segment Chambers, both, for the 
area closest to the beam path (Top and Bottom) as well as for the high 
curvature parts that are furthest from the beam path (Sides). 
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Table 4: Reduced Longitudinal Roughness Tolerances for Segment Chambers.  
Top and Bottom Sides  

   
10 – 15 mrad 10 - 30 mrad Desirable 
10 – 15 mrad 30 - 60 mrad Acceptable 
15 – 20 mrad 15 – 40 mrad Acceptable 
10 – 15 mrad > 60 mrad Not Desirable 
15 - 20 mrad > 40 mrad Not Desirable 

>20 mrad >20 mrad Should be avoided 
 

11.8. All vacuum chamber component designs shall be submitted to and approved 
by the Undulator System Physicist for impedance evaluation before 
manufacturing. 

12. Magnet Measurement Facility 
12.1. A Magnet Measurement Facility (MMF) is required to tune the Undulator 

Segments and to assemble and align the Girders Assemblies. 

12.2. The detailed MMF specifications are listed in the Magnetic Measurement 
Facility Requirements document (1.4-002). 
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Table 5: Undulator Segment and Quadrupole Conventional Alignment Tolerance 
Budget  
(* The total horizontal tolerance value had to be reduced from 140 µm to 115 µm 
because of the increased undulator cant angle, i.e., about 5.5 mrad instead of 4.5 
mrad, as was requested.) 
  Vertical Horizontal 
Quadrupole Fiducials   
 Pulsed Wire Center Definition 10 µm 10 µm 
 Wire to WF Fiducial (WF) 20 µm 20 µm 
 Quadrupole Fiducial Stability 25 µm 25 µm 
 WF Fiducial to Quadrupole Fiducial 10 µm 10 µm 
  35 µm 35 µm 
    
Quadrupole BBA Offset (rms) 20 µm 20 µm 
    
Undulator Fiducials   
 Hall Probe Resolution/Positioning 20 µm 20 µm 
 Needle Hall Probe Resolution 15 µm 30 µm 
 Needle Hall Probe to Mechanical 20 µm 30 µm 
 Needle Fiducial to Undulator Fiducial 20 µm 20 µm 
  40 µm 50 µm 
    
    
Undulator Segment Replacement Repeatability 15 µm 30 µm 
    
Quadrupole Fiducial Stability 25 µm 25 µm 
    
Alignment Quadrupole to Undulator 50 µm 90 µm 
    
Grand Total 80 µm 115* µm 

 

13. Conventional Alignment  
13.1. The Conventional Alignment specifications are listed in the Conventional 

Alignment Requirements Document (1.1-003). 

13.2. In the Undulator Hall, the GA will be aligned with respect to the Beam Center 
Line.  

13.3. A requirement for FEL lasing is that the position of the electron beam is kept 
with respect to the GA to within 80 µm (rms) vertically and 115 µm (rms) 
horizontally (see 8.16.) This horizontal and vertical alignment for a given 
Undulator Segment will be controlled during operation based on 
measurements of the distance between the electron beam and the magnetic 
centers of the two Quadrupoles that are mounted on either side of the 
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Undulator Segment. The precise relative conventional alignment of the GA to 
the Quadrupole center is therefore essential. The Undulator Segment and 
Quadrupole Alignment Tolerance Budget is listed in Table 3 the quadrupole 
orientation tolerances are listed in 5.14. 

14. Beam Based Alignment 
14.1. To achieve maximum FEL gain it is important to control phase slippage 

between the electrons and the radiation wave by keeping the straightness of 
the electron beam trajectory to the 3-µm-level in an rms sense over one power 
gain length. This level of straightness will be achieved using Beam Based 
Alignment, an algorithm that reduces the dependence of the electron beam 
trajectory on beam energy changes by compensating existing field errors 
along the undulator system using correcting kicks from appropriately off-set 
quadrupole magnets and dipole trim correctors.  

14.2. The Beam Based Alignment specifications are listed in the Beam Based 
Alignment System Requirements Document (PRD 1.4-004). 

15. Radiation Protection  
15.1. The magnetization level of the undulator magnet material is easily reduced 

when hit by radiation, which can occur due to beam halo, trajectory steering 
errors, or objects that are inserted into the beam path. The main part of 
undulator radiation protection is carried out by a collimation system upstream 
of the undulator system. It is designed to protect the undulator from beam 
energy errors, halos, and any missteering that might occur upstream of the 
undulator. It is designed to prevent strikes to the vacuum chamber if the 
undulator is operating properly. The main sources of electron missteering 
inside the undulator are the transversely movable quadrupoles and BFW 
wires. Protection elements include Beam shut-off interlocks based on 
measured quadrupole position, BPM measurements, and radiation detectors. 
Beam shall only be permitted to enter the Undulator in single shot mode when 
beam quality is insufficient or can not be assured. The Beam Loss Monitor 
specifications are listed in the Beam Loss Monitor Requirements Document 
(PRD 1.4-005). 

16. Transport 
16.1. The Girder Assembly unit consisting of a Girder, holding one BFW, one 

Quadrupole, one BPM, and one segment vacuum chamber, must be designed 
to be easily and safely transportable. It must have lifting points or fixtures so 
that it can be lifted from above. It must have lifting points or fixtures so that it 
can be lifted from below by a forklift. It must be designed so that it can be set 
down without damage to the kinematic support points. 

16.2. The Undulator Segments must be designed to be easily and safely 
transportable. They must have lifting points or fixtures so that they can be 
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lifted from above. They must be designed so that they can be set down for 
storage without damage to the kinematic support points. 
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