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FEA Makes Sense with Modern Codes 
and Fast Computers

• Accurate (Tested against measurements)
– 0.1% (S. Gottschalk, et al, SRI95, PAC99)

• Precise (Tested against measurements)
– 0.005% rolloff (S. Gottschalk, et al, SRI95, PAC99)

– 6 ppm – PM Dipole (S. Gottschalk, et al, FEL 2002)

• Fast
– 2‐6 minutes quarter period FEA (x>0, y>0, z  ≤  λw/4)
– 6‐10 minutes half period (all x, all y, ‐λw/4  ≤  z  ≤  λw/4)

• Can determine arbitrary cost functions such as trajectories 
and multipoles
– ILC DRW multipoles in this talk
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Examples using FEA based sorting

• Wigglers
– Subject of this talk

• Undulators
– JLAB IR undulator

• PM quads
– Minimize strength dependent magnetic CL shifts 
and skew quad rotation during BBA

– NLC quad (PAC2005 papers)
– Triplets delivered to Columbia RAFEL
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Signature function FEA

• Build a parametric model (wiggler, quad, dipole, etc)
• Change properties of ‘test’ magnet(s) or pole(s)
• Subtract magnetic fields to get signature
• Effects included by this method

– Non‐linear pole
– Non‐unit, anisotropic magnet permeability
– Spatially varying reversible demagnetization

• Signatures found for
– Mx, My, Mz
– Size
– Mechanical shifts, tilts
– Temperature
– Pole placement errors (mainly for PM quads, dipoles)
– Pole shape errors
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Inhomogeneity model
• Inhomogeneity is dominant source of field errors on state‐of‐

the‐art PM devices (author opinion!)
• Very hard to measure inhomogeneity directly (author 

opinion!)
• Experimentally smaller magnets appear to be more 

homogeneous
• Build a real magnet from smaller pieces.

– Accuracy increases as number of discrete pieces grows

• Each piece has a different strength and angle, but is otherwise 
uniform.

• Use FEA for accuracy and elimination of simplistic 
assumptions.
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Outline

• Motivation and Review

• LNLS Wiggler Sorting Example

• ILC Damping Ring Example

• Conclusion
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Motivation

• Magnets are not perfect.
– Typical strength variation is 1.5%
– Typical angle variation is 1.5 degrees

• Designs with low permeability are especially critical
– Pure REPM, no steel poles, mu=1.05‐1.10 in magnets
– EPU’s even worse because banks of magnets slide and non‐unit 

permeability does produce non‐superimposition.
– High field wigglers. Strong increase when mu < 100.

• Hybrids with high permeability poles are less susceptible.
– Vertical angle errors 20X less important, K. Robinson, et al, JQE 

QE‐23, 1497, 1987, also confirmed by FEA calculations
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Sorting techniques at our disposal
• Ignore problem

– Very risky. Rebuilding an ID is expensive and without an understanding the 
problem could get worse!

• Simple sums based on Helmholtz data (STI 1979‐1994, others)
– Classic is S‐W pairing for strength and (in‐out) and (up‐down) pairing for 

angles.

– One issue is weights to assign to each one

– No determination of cumulative errors that produce steering and trajectory 
errors

• More sophisticated is angle and trajectory sums (STI 1994‐2003)
– Estimate angle and trajectory errors by summing up Mx, My and Mz down 

length of wiggler

• Full FEA based optimization (STI 2003‐present)
– Calculate signature functions and convolve them

– Directly calculate fields for each sort
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Sorting algorithms

• Brute force permutations (STI, others)
– Only useful for small problems and even then the number of iterations 

is huge, 1,000 to 10,000 

• Simulated annealing (R. Carr, B. Divaccio, STI and others)

• Genetic algorithms (way too confusing to be practical plus it’s 
really inefficient)

• Evolutionary optimizer (STI)
– OptiNet from Infolytica released 2003.

– Very efficient, consistent and convergent answers with 100 iterations. 

– Optimization variables are MagNet (Infolytica) parameters 
(parametrics released 1998)
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Advantage of commercial code

• Tested and robust

• Easy to use

• Flexible
– Library of pre‐programmed functions

– Easy to use scripting to make custom codes

– Can weight the goals based on 
specifications/performance requirements

• Technical support
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Design codes that integrate into 
OptiNet

• All are parametric
– Central and end field ID designers 
(hybrid, REPM, straight and wedged)

– EPU designers (central and end with ESRF, ELLETTRA 
and STI ends)

– 3D pole shaper (many configurations)
– 3D shim designer (central and end field)
– EM coil designers (mainly for gap dependence)
– PM Quadrupoles (many configurations and options)
– EM quadrupoles
– Others

12
'Using FEA and a Global Optimizer ... 

Compensate for Magnet Inhomogeneity' ‐
STI Optronics Inc



Pre and post processing codes
• Demagnetization fields vs. temperature and gap
• Minimum pole permeability
• End field steering and trajectory
• Dynamic multipoles (field integral along wiggle trajectory)
• Wiggler axial harmonics
• Transverse rolloff
• Static multipoles (normal and skew)
• DR axial field profile ‘squareness’ (integral of B2)
• Equal two‐plane focusing with curved poles
• Phase slippage between undulator sections as the axial gap changes
• Temperature dependent quad strength changes
• Quad centerline shifts vs. magnet retraction
• Skew quad rotation vs. magnet retraction
• Quad multipoles vs. magnet retraction
• Dipole multipoles
• Sextupole multipoles
• Others
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LNLS Wiggler Parameters

• Period 180mm

• Gap 22 mm

• Peak field 2.06 T

• Length 3.0m

• Initial survey of field errors for previous devices showed no problems

Device Peak
Field (T)

Gap
(mm)

Period
(mm)

Untuned
Skew  
Quad (G)

SRRC W20 1.86 22 200 140

APS W85 – 2 units 1.67 11.5 85 9, 110

APS U55 1.36 10.5 55 140

SRRC U9 – Wedged
pole

1.28 18 90 34

One shim used 
to get <20 G 
quad all gaps
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Presentation Notes
The LNLS wiggler was built in 2002-2003 (12 months ARO). We reviewed performance of previous STI built devices to assess risks. The survey of 5 wigglers indicated no problems had occurred. LNLS multipole specs were similar to SRRC W20 values after tuning, i.e. 10-20 G-cm^n for normal and skew multipoles at all gaps between 22mm and 300mm. On that device only one skew shim was required, all other shims were standard trajectory shims.



LNLS Wiggler had extremely good 
strength and angle histograms
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Magnets are about 10X better than specs
Mechanical tolerances were also 5X better than specs
Pieces used to make main magnets were large, but underlying strength and angle 
distributions were narrower, i.e. 0.1%, 0.1 deg
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Additional tests for magnet 
inhomogeneity

• Magnet paper – passed

• Surface Hall probe scans – passed

• Hall probe checks of field symmetry ‐ passed
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Presentation Notes
In addition to Helmholtz testing we also perform other tests. Magnet paper is a crude test, but on one wiggler it showed problems, so we do it just in case. Surface Hall probe scans involve moving a Hall probe over the surface to test upper/lower, left/right and in/out symmetry. Only regions near the middle of the magnet can be tested this way due to field gradients near the edges. Hall probe checks of field symmetry are made a fixed distance from the magnets to check balance.None of these tests is accurate to better than a few percent. The most critical part of the magnet is near the e-beam and in an open circuit this region has very high spatial gradients and large changes in the direction of the magnetic field. Standard Hall probes are worthless in such cases due to planar and tensor Hall effects. We did start an IRAD to check magnet homogeneity in 1996 after receiving a batch of poor quality magnets but found that scanner setup could easily fool us. Subsequent delivered magnets had ‘good enough’ homogeneity so this IRAD was not continued. We plan on resuming this work in the future.



Signature functions
Used for FEA post‐processing
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Presenter
Presentation Notes
The FEA post-processing code used convolutions of signature functions scaled by Helmholtz measurements to calculate B field changes as well as 1st and 2nd integral deviations. For the strength errors we also analyzed end effects. There is a difference but it was not important enough to justify inclusion. Shimming does include this effect.Notice that the signature functions extend about 3 periods, just like steel shim signatures. In addition, the magnitudes of My or Mz errors for 1% or 1 degree are similar. Horizontal angle errors are less important. In addition, there are signatures for how the magnet size impacts the B field (not shown). Vertical angle steering is due to the low pole permeability of a high field wiggler.



Multi‐stage LNLS sorting

• Stage 1 – Use simulated annealing code to 
minimize ‘angle’ and ‘trajectory’ errors. Not 
FEA convolution
– Used for 35 ID’s so is well tested and reliable
– Run 10 sorts. Any one is acceptable.

• Stage 2 – Post process sorts and convolve FEA 
signature functions

• Stage 3 – Look at results and pick the ‘best’ 
one.
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Did this work?
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•Normal steering and trajectory were fine, but skews were terrible
•None of 40 ID’s built and measured by STI for skews had this large of a skew 
field error
•What caused this?
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Magnet Inhomogeneity
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•Skew quads (and dipoles) were located at magnet centers
•Magnitude is much bigger than Helmholtz data would predict

gap = 43mm
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This was fixed by lots of tuning, but 
not easy
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•Multipoles after tuning are 100X smaller, met all specs

•Air core coils too weak
•Steel core EM skews 
wouldn’t fit in space allowed
•Magic fingers still require 
shimming, violate several 
specs
•Tuned by shimming and 
other methods
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Need something better

• Effect is small, < 0.1%, 0.1deg and hard to 
measure or control

• Large magnets more likely to have problem

• These are made from multiple pieces so 
sorting is challenging

• Example below for ILC DR may be helpful

• Measurements (later this year) will tell if it 
works
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DOE SBIR‐ Phase II
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ILC DR Wiggler parameters
• Period 400mm !!
• Poles are huge. Magnets made from 9 pieces/magnet 
like SRRC W20

• Making a full‐sized, half‐period prototype
• Peak field 1.8T, flat topped, maximized B2 integral

– Pole axial thickness 120mm, different widths and shapes
– Magnet axial thickness 80mm

• Energy 1 GeV
• Wiggle amplitude is 5mm!
• See PAC05 workshop presentation for details
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FEA Model
• Multi‐piece magnet

– 4 half magnets, 36 bricks total with 4 
orientations/brick

– 3D, shaped pole
• Choose bricks
• Calculate B

– Fully non‐linear with 3D, shaped, VP poles
– Measured Mx, My, Mz for each brick
– All interactions included
– Signature functions not needed

• Evaluate goal function, objectives
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ILC Magnet strength histogram
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Magnets are in spec. The distribution is quite narrow, essentially 0.5% covers all but two 
magnets
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ILC Magnet angle histogram
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•Angles are all in‐spec. No correlation between the angles.
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OptiNet Sorting Parameters

Dependency 
Script

Magnet 
Sorting 

parameters
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Presentation Notes
The sorting proceeds by assigning magnets to different locations. There are 4 large magnets made up of 9 smaller bricks for a total of 36 magnets. The magnet supplier made extra blocks, but some were out of tolerance on the mechanical dimensions so they were recycled. This left 37 usable bricks.The index shown here includes both the serial number and the orientation, 4*SN+Orientation. Each sort must not use the same SN twice so a pre-processing script generates a unique serial number permutation from the list of indices. 
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Presenter
Presentation Notes
This screen shot shows a portion of the dependency script, a screen shot of the half-period model and the parameters for magnet brick #24.Each brick has are four orientations. The script (shown in the background) dynamically changes the equation for the parametric angle based on the orientation. 



Sorting objective functions

•The goal is to reduce all multipoles.
•Goal is weighted sum of objectives
•Objectives can be pre‐programmed or user supplied

•The line integrals over a half‐period plus a dynamic multipole are 
used
•Dynamic multipole sample B field over 25mm aperture
•Multipole range is simply the (max‐min) over a 20mm aperture
•Even integrals are (I(+x)+I(‐x))/2
•Odd integrals are (I(+x)‐I(‐x))/2
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Sorting goal summary

•Table shows sorts that improved the goal function. Other sorts were 10X worse
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Presenter
Presentation Notes
During optimization OptiNet generates a report showing the goal, objectives (cost functions) and constraints. The goal is a user specified, weighted sum of objectives and constraints. For this sort there were no constraints only objectives. Other optimizations have used both with differing weights as well as ‘hard’ constraints such as minimum field strength.This particular report only shows those FEA solutions that generated an improved goal function. In actual fact the goal function had a maximum value of 3750. This is the clearest indication of the importance of inhomogeneity sorting. The next slide shows the progression of the optimization.



Goal Function During Optimization Demonstrates 
Importance of Magnet Homogeneity
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Presentation Notes
Even though the individual magnets had a tight distribution of strengths and low angle errors, an incorrect sort produced extremely large multipole errors. The highest one was 3750 G-cm. Most concerning was the large skew multipoles that some sorts generated. Note that the initial sort made by manual W-S-W and S-W-S magnet pairing was fairly good but it did generate large skew multipoles.



Undesirable Multipoles Improved by 
Sorting

Objective Function x range Ideal value Final value (G‐cm)
1 Dynamic multipole 25 mm Finite 259

2 Even skew 20 mm Zero 11

3 Odd skew 20 mm Zero 7

4 Skew range 20 mm Zero 30

5 Normal range 20 mm Finite 145

6 Odd normal 20 mm Zero 4

Half‐period 
integral about 
250,000 G‐cm!
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Skew multipole Improvement
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Presenter
Presentation Notes
As can be seen, the skew multipole range is quite high and only after optimization are they small enough to be unimportant.



Normal Multipole Improvement
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Optimization Summary

• Without sorting a random mix of small 
magnets would still meet 1.5%, 1.5 deg specs

• Without sorting skew multipoles could be 
gigantic even when normal multipoles are 
small and vice‐versa

• Optimizatoin reduced undesirable multipoles 
to numerically insignificant levels
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ILC DRW Magnet pictures
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Presenter
Presentation Notes
Magnet FEA was used to determine forces and then existing and new assembly tooling (some is not shown) was fabricated and used for assembly. An upper half-period module (with steel magnetic mirrors) is shown in the lower right hand corner. The module has not had poles installed yet.



Pole Profile CMM pictures

•Used to test pole profile
•Stages with < 1micron accuracy

•Interferometer calibrated
•Resolution  0.1micron
•Heidenhain metrology gage, 50 
nm resolution, 100nm accuracy

•Scanner SW written to collect 
data in variety of protocols
•Separate post‐processing code for 
QA
•Data stored in database
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Presenter
Presentation Notes
A CMM machine with < 1 micron accuracy and 50 nm resolution was built to inspect ILC shaped poles. An aluminum test sample is shown mounted on the moving stage. This device will also be used to measure permendur poles when they are delivered. 



Scanner pictures

•CMM Stages will be moved to 7‐m 
scanner
•Lab temp controlled to 0.1 degC

•Once poles are inspected the 
stages will be moved to the 7‐m 
bench for magnetic field scanning
•Half‐period prototype will be 
tested for 6 pole shapes and results 
compared to FEA
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ILC DRW Status

• Assembly tooling, etc made based on FEA 
forces as parts move into position

• Magnets have been received and waiting for 
poles

• Scanning will start soon
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Conclusions

• Inhomogeneity is really important for larger 
magnets

• Use FEA to guide sorting
• Newer, faster computers allow more realistic 
calculations
– Full FEA
– Signature convolution

• Planning to revisit homogeneity scanning on 
new scanner
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