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Links

This talk links to and builds on

Feb ’21 S. Machida et al., PRAB 24, 021601: “Optics design of
vertical excursion fixed-field alternating gradient accelerators” ↗

30.09.21 S. Machida, FFA’21: “Optics Design of vFFA”
−→ vFFA triplet lattice, half-integer resonance, simulation analysis

12.09.23 M. Topp-Mugglestone, FFA’23:
“Analytic model of vertical FFAs” ↗
−→ vFFA triplet lattice, analytical analysis

15.09.23 M. Topp-Mugglestone, FFA’23: “The FFA Code FixField” ↗
−→ tracking code used to compute closed orbit + dynamic aperture
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Motivation

Starting point:
−→ vFFA reference lattice for ISIS2-FETS

parameters:
has very good dynamic aperture (DA),
but
tunes are close to half-integer
resonance stopband?

−→ first simplistic space charge studies:
beam intensity seems strongly limited
by half-integer stopband

S. Machida, FFA’21

Motivating question for this study!
How can we “tune” the betatron tunes of the vFFA (at design stage) while
maximising DA?
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Context

Starting from S. Machida et al., PRAB 24, 021601:
2D sections through multi-dimensional (5D) lattice parameter space
investigated for max. DA
simulation parameters scanned on regular 2D grids

−→ first significant insights for best DA (but grid scanning in full 5D
space requires considerable computational effort)

⇝ can one improve coverage of parameter space by educated “guessing”?
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Overview

Goal of present study: explore parameter space guided by data-driven
approach to investigate relation between tunes and DA
=⇒ accommodate for space charge tune spread away from stopbands
=⇒ get lattice parameters for chosen tunes where DA is max!

Approach: active learning (iterative supervised learning)
build uncertainty-aware surrogate model to predict DA for lattice
query model for largest uncertainties
run DA simulations for these parameters

=⇒ improve surrogate model accuracy iteratively!

Status:
=⇒ simulated 200000 lattices, collected 51356 stable closed orbits & DA
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Machine Simulation Model

10-cell FDF triplet lattice, magnet length 50 cm, 3 MeV proton
arctan fringe field model with λ= 15cm, simulated in FixField
5D lattice parameter space (similar to PRAB’21):

(B0f ,B0d ,m,xs ,tf ) ∈L

(a) closed orbits for (−1T,1.15T,1.31m−1,0,0)
(reference lattice for ISIS2 FETS-vFFA)

(b) 5 parameters
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Results



Data Table

=⇒ collected data for 199861 simulated lattices (available on github!):
closed orbit coordinates
betatron tunes: qu ,qv
maximum stable amplitudes in decoupled space: Au ,Av

decoupled beta functions: βu ,βv

transverse dynamic aperture: D = A2
u

βu
+ A2

v
βv
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Domain of Stable CO
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Distribution of identified stable closed orbits in 5D lattice parameter space. The number of
lattices simulated per bin is shown in grey, where non-white bins contain at least one
simulation. The red contours show the kernel density estimation for the distribution of valid
closed orbits.
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Decoupled β-functions

From FixField get 1-cell transfer matrix:
matrix in real (coupled) space, T
−→ eigenvalues ⇒ betatron tunes qu ,qv

(chosen such that qu > qv ) if stable

decoupled diagonal block matrix
(with Parzen procedure [PAC’97]),
T̂=RTR−1

−→ decoupled β-functions from

T̂12 =βu sin(2πqu)

and
T̂34 =βv sin(2πqv )

(or vice versa)
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Dynamic Aperture

Dynamic aperture from interval bisection in u and v , separately:
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927 lattices with DA >  reference

(b) zoom on upper DA histogram end

reference vFFA ISIS2-FETS lattice: L = (−1T,1.15T,1.31m−1,0,0)
features a dynamic aperture of D = 1.6×10−3

=⇒ found nearly 1000 lattices with larger DA

FAIR GmbH | GSI GmbH Adrian Oeftiger 15 September 2023 10/18



Dynamic Aperture in L
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Simulation results for dynamic aperture (DA) in 5D lattice parameter space. Each panel plots
the maximum DA per projected bin for the nearly 50 000 valid closed orbits. Red bins contain
the top 50 lattices (overall maximum DA).
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Decoupled β-function Space

Stable lattices in decoupled β-function space:
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(a) histogram of stable lattices
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(b) max. DA vs. decoupled β-functions

=⇒ most large DA lattices located around βu = 0.1m and βv = 3m
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Tune Space

Stable lattices in betatron tune space:
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(a) histogram of stable lattices
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(b) maximum DA vs. tunes

=⇒ most large DA lattices are located close to half-integer resonance
=⇒ few “outliers” feature very large βu,v functions, to be understood...
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Approach



Approach: Details

Approach in 3 steps (each iteration = 10k simulations):
1. uniform random sampling: 20k samples

=⇒ 429 lattices with CO

2. rejection sampling using classifier: 150k more samples
classifier: 5D input L → output = probability of CO existence
reject lattices with too low predicted probability!

=⇒ ≈ 40k lattices with CO
3. rejection sampling + prediction with DA surrogate model:

30k more samples
ensemble of 5 deep neural networks predict DA
ensemble mean = prediction, ensemble std = uncertainty

=⇒ ≈ 99.5% lattices with CO

=⇒ 200k total lattices with ≈ 25% stable CO
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Simulation Duration

Simulations with FixField on the GSI Green Cube (virgo cluster):
CO simulation only: ≈ 1min CPU wall time
CO + 2D DA simulation: ≈ 5h CPU wall time

Step Lattice samples Total CPU wall time
1. uniform random sampling 20000 ≈ 2weeks
2. rejection sampling with classifier 150000 ≈ 3.5months
3. rejection sampling + DA surrogate 30000 ≈ 17years

+ evaluating DA for ≈ 20000lattice samples from steps 1.+2. = 11 years CPU wall time
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Iterations with NN

Prediction on unseen test data (last 10000 data points):
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Observation:
−→ uncertainty vs. DA amplitude goes down with iteration
⇝ can we accelerate the improvement with better neural network

structure?
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Prediction Quality

Figure: Prediction Accuracy vs. (normalised) DA amplitude per plane
(model trained on ≈ 40000 data points)

⇝ remove unstable closed orbits (DA= 0) from NN prediction model?
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Conclusion

Summary:
data-driven approach successively builds a prediction model: L 7→ DA
predict most interesting area in lattice space L for next simulations
collected ≈ 50000 lattices with stable closed orbit (CO)
trained model is > 99.5% successful in predicting CO
established ≈ 50000 links between tunes & DA

Next Steps:
1. include stability criterion in CO classification

(so NNs only need to predict finite DA values and not zeros)
2. improve NN prediction model with quantitative analysis

(metric: uncertainty prediction between nearest neighbour data
points in lattice space)

3. develop inverse prediction model: tunes 7→L |max. DA
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Thank you for your attention!

Acknowledgements: Shinji Machida



Tunes vs. m

S. Machida on FFA’21
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