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• A code-comparison effort in 2009

• Original AT passmethods for magnet modeling

• Quadrupole passmethods with fringe field

• Dipole passmethods
- Dipole w/ straight geometry

• Comparison w/ Elegant

• Summary

Outline

See an earlier talk on the topic by X. Huang at Future Light Source 2012 (on March 

5, 2012) at 

https://www.jlab.org/conferences/FLS2012/talks/Mon/Huang_lattice_modelling.pptx

This talk focus on progress since then.

See Borland, Sun, and Huang, PRAB 22, 114601 (2019)

https://www.jlab.org/conferences/FLS2012/talks/Mon/Huang_lattice_modelling.pptx
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• Work was initiated at the 1st NLBD Workshop (2008, also at ESRF!)

- A joint effort involving several codes and spanning continents

• D. Einfeld presented findings at the 2nd NLBD workshop (Nov. 2009)

An earlier code comparison in 2008-2009

Slide 10 of D. Einfeld’s

presentation at the 2nd

NLBD workshop 

(Diamond)

There were large 

discrepancies 

between the codes.
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• Linear passmethods w/ exact momentum deviation modeling
- BendLinearPass

- QuadLinearPass

- CorrectorPass

• Fourth-order integrators
- BndMPoleSymplectic4Pass –

• for multipoles on circular reference orbit

- StrMPoleSymplectic4Pass  

• for all straight multipoles, including quadrupole

• Thin-lens multipoles
- ThinMPolePass

• thin-lens multipoles

Original AT passmethods for magnets

These are basically transfer matrix, but 

convert to 𝑥′ and 𝑦′ coordinates first and 

handle pass length properly.
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• Quadrupole fringe field was known to cause linear and 

nonlinear optics perturbation

Quadrupole fringe field modeling

(1)   El-Kareh; Forest; Bassetti & Biscari

(2)  Lee-Whiting, Forest & Milutinovic, Irwin & Wang, Zimmermann

(3) Irwin & Wang (PAC’95), D. Zhou (IPAC10).

The soft fringe results in contraction and expansion at the edges.
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• Was introduced in 2011

• For linear effect, apply the scaling transformation at edges
- Use Irwin-Wang result on PAC’95

• Modeling of nonlinear effect  

QuadLinearFPass – quadrupole passmethod w/ linear 

and nonlinear fringe field effect
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new quad pass

field pass

The skew quadrupole part corresponds to 

a ‘kick map’! A normal quadrupole can thus 

be modeled by a pair of pi/4 rotation and a 

kick map.

This is the basis for the nonlinear part of 

the new AT quadrupole pass method. 

See X. Huang, FLS’2012 (3/5/2012)
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• Needed for comparison with Elegant

• New passmethod - StrMPoleSymplectic4NPass
- Also include exact drift in this passmethod

- Nonlinear quadrupole fringe effect is modeled the same as in QuadLinearFP

• Differences from 2011 work – adopting D. Zhou’s more 

detailed linear transformation

New quadrupole fringe field passmethods (2018)

See D. Zhou, et al, IPAC’10 for more details
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• A model with a simple profile is used as a test
- For which the fringe integrals can be calculated analytically

Test of quadrupole fringe passmethod

= −4𝐼2𝑚
X

X = 8𝐼3𝑚

Test case w/ L=1 m, K=1 /m^2, Δ = 0.1 m

In comparison to the slicing model w/ 16000 slices (slice length = 0.1 mm)
(using StrMPoleSymplectic4NPass)
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• The old version seems to be a good approximation, too

Compared to QuadLinearFPass

To use QuadLinearFPass, set 𝐼1𝑎 = 𝐼1𝑏 = 𝐼1𝑝 + 𝐼1𝑚.

• The linear effect in the Irwin-Wang model is dominant. 

• D. Zhou’s refined linear fringe model does improve the accuracy. 

This is equivalent to use the new method but only with I1p and I1m 
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Usage of the passmethod

For the test case above
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• The SPEAR3 dipole has a straight body (not a sector dipole)

- Many other light source rings are the same

• A 3D magnetic field model and a field passmethod were used to model 

the SPEAR3 dipole

Modeling a straight-geometry dipole

Dipole field w/ fringe

(similarly for quadrupole, sextupole components)

X. Huang, et al, IPAC’10

The model predicts a 0.1% energy error which was later 

confirmed experimentally (K.P.  Wootton,  et al,  Phys.  Rev.  ST  

Accel.  Beams,  16, 074001 (2013) )

But it can’t be used for long-term tracking!

The bending and focusing field components vary with distance, plus there is a 

longitudinal field component. 
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• Other approaches were tried to model such dipoles
- E.g., to use Lie map thin-lens element to account for the differences with the 

sector dipole model (obtaining such map from Taylor map which is obtained by 

fitting tracking results, using a field model)

• But the CCBEND in Elegant gives a good solution
- Coordinate rotation at the entrance and exit

- Symplectic integration through dipole body, including dipole component

• This is similar to the StrMPoleSymlectic4Pass

The CCBEND approach in Elegant

Y. Li, X. Huang, IPAC’12

This solution was described in E. Forest’s book, ‘Beam dynamics – a new 

attitude and framework’ (1998), p. 355. 
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• Implemented in the new passmethod ‘BndStrMPoleSymplectic4Pass’

• Rotation at entrance and exit

• Symplectic integration through the body w/ (𝑋,
𝑑𝑋

𝑑𝑍
, 𝑌,

𝑑𝑌

𝑑𝑍
, 𝛿, Δ𝑧) coordinates

- With PolynomA and PolynomB given on the straight reference axis

- Fourth order symplectic integrator, but use exact drift with Hamiltonian

Implementation in AT

With entrance angle 𝜃 and, 

𝜓 =
𝑑𝑥

𝑑𝑧
=

𝑝𝑥

1 + 𝛿 2 − 𝑝𝑥
2 − 𝑝𝑦

2

Entrance:

H = 1 + 𝛿 − 1 + 𝛿 2 − 𝑝𝑥
2 − 𝑝𝑦

2

Need to specify entrance position by ‘X0ref’ and path length difference ‘RefDZ’

(The implementation details may differ from that of Elegant.)
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• Determination of X0ref – by finding the reference orbit with 

the desired bending and entrance angles
- This done numerically, e.g., by using an optimizer or solver

Usage of BndStrMPoleSymplectic4Pass

For symmetric, combined function with bend and quadrupole, an 

approximate first guess

For SPEAR3 dipole, w/ 𝐿 = 1.5069434 m, 𝐾1 = −0.31537858 /m^2, and 𝜃0 = 𝜋/17
Formula     𝑋𝑟𝑒𝑓 = −0.0229219 m, while 

Numerical  𝑋𝑟𝑒𝑓 = −0.0229297 m

With 

Derived from M. Yoon, et al, Nucl. Instr. Meths. A 523 (2004) 9-18.

For APS-U Q4, w/ 𝐿 = 0.2110m, 𝐾1 = 4.004396383 /m^2, and 𝜃0 = −0.001706915788385
Formula     𝑋𝑟𝑒𝑓 = 3.010244 × 10−5 m, while 

Numerical  𝑋𝑟𝑒𝑓 = 3.010281 × 10−5 m
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• The equivalent sector dipole should have
- The same bending angle

- Arc length 𝐿𝑎𝑟𝑐 = 𝜌𝜃 =
𝐿𝜃

2 sin 𝜃/2

- Quadrupole K component, 

Comparison with BendLinearPass

𝐾𝑒𝑓𝑓

Using BndStrMPoleSymplectic4Pass Using BendLinearPass, w/ side negative 

drifts to correct the length

Comparison of SPEAR3 standard dipole transfer matrix
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• Work was done 2018-2019, as part of the effort to verify 

APS-U performance predictions. 
- The 41-pm lattice was used.

• Lattice model features: Longitudinal gradient bends, negative 

bends, CCBENDs, quadrupole fringe fields

Comparison to Elegant for APS-U lattice

# of elements AT model Elegant model

1120 BendLinearPass CSBEND

160 BndStrMPoleSymplectic4Pass CCBEND

800 StrMPoleSymplectic4NPass KQUAD

480 StrMPoleSymplectic4NPass KSEXT

6052* LaDriftPass EDRIFT

*With 1205 negative drifts.
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• Good agreement between the two codes for a variety of 

parameters

Linear and nonlinear lattice parameters

Both linear and 

nonlinear parameters

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• Quadrupole fringe makes noticeable changes to tunes and chromaticities

• But CCBEND has relatively smaller effects

Effects of CCBEND and quadrupole fringe

Effect of quadrupole fringe field Effect of CCBEND

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• Relative beta function difference is below 0.02%.

Linear lattice functions (one cell)
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• Agreement extends to the edge of the phase space

Nonlinear behavior – phase space

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• The tune footprints are in good agreement, but tune diffusion 

rates differ. 

Nonlinear behavior – frequency map in (x, y) 

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• Good agreement in (x, Δ𝑝/𝑝) space, too. 

Nonlinear behavior – off-momentum stability region

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• Linear errors (normal and skew quadrupole components) are 

added at sextupole locations
- Rms beta beating at 1%, and with 100% coupling

Comparison of DA and LMA (w/ the same error seeds)

The predictions of DA and LMA by the 

two codes are very similar.

Unstable region with tunes (0.2, 0.2), see slide 21.

Borland, Sun, and Huang, PRAB 22, 

114601 (2019)
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• Hamiltonian for a sector dipole 

• In AT, BndMPoleSymplectic4Pass is used to model dipoles 

with higher field components
- It uses drift-kick split of the Hamiltonian but integrates the drift without 

considering the curvature of the reference orbit, 

- And, it does not use the vector potential* for the curved reference orbit  

More accurate symplectic integration for sector dipoles

In which AT uses drift 𝐻1 =
𝑝𝑥
2+𝑝𝑦

2

1+𝛿
, while it should be

Exact solution to the latter exists, but requires evaluation of sin, cos, tan, functions. 

*F. C. Iselin, Physical Methods Manual for the MAD 

Program, September 1994
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• Expand the bend Hamiltonian

• The drift Hamiltonian has approximate solution

An attempt to fix this - BndMPoleSymplectic4E2Pass

This can be worked to higher orders

X. Huang, SSRL-AP-Note 021 (2009)
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• While solution to the vector potential term can also been 

approximated

cont’d 

Including correction 

terms up to ocutpoles

Problem: these approximations are not symplectic

X. Huang, SSRL-AP-Note 021 (2009)

Can we show that the deviation from the symplectic condition is small and 

negligible? 

Or once it is non-symplectic, it is not worth considering?
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• AT had additions of new passmethods to more accurately 

model magnets
- Exact drift (LaDriftPass)

- Fourth-order integrator with quadrupole fringe fields (linear and nonlinear) and 

exact drift (StrMPoleSymplectic4NPass)

- Fourth-order integrator on straight geometry with bending field 

(BndStrMPoleSymplectic4Pass)

• With these additions, excellent agreement with Elegant was 

seen when applied to the APS-U lattice
- For both linear and nonlinear properties

• More work may be needed for symplectic integration in 

sector dipoles

Summary


