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Motivation ©

How to guarantee alpha particle heating in stellarator reactors?

How to decrease first wall damage from unconfined particles?

- Particle confinement is usually considered the Achilles Heel of stellarators

- New proxies have changed this paradigm

- Analytical models (e.g., near-axis expansion) decrease degrees of freedom but have other tradeoffs

Near axis expansion,
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Goals ©

Obtain reactor relevant stellarator shapes in a reliable and efficient manner

RBC (1,0) «-8.2

Typical degrees of freedom to solve J x B = VP
- Fixed boundary (LCFS): ~100 Fourier coefficients

- Free boundary (coils): ~400 Fourier coefficients

Near-axis (high aspect ratio) degrees of freedom

N4 - Axis + 15t order + 2" order: ~10 Fourier coefficients

Is this gain worth it?
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EnR Task Specification

The project is divided into 5 different tasks (WP)
« WP — Patrticle tracer code development (near-axis & full MHD)
} 2022

«  WP2 — Combine particle tracer and stellarator optimization codes
WP3 - Optimized stellarator equilibria (QS, QI and General)
«  WP4 — Physics study of Nemov’s criterion 2023

« WP5 — Fast particle orbits in realistic magnetic fields

With the following goals
» Create an open-source, user friendly, fully tested particle tracer (WP1, WP2)
« Perform the first direct fast particle optimization of a stellarator (WP3)

« Compare fast particle optimization with commonly used proxies (WP4)

« Extend the optimization to stochastic magnetic fields (WP5)
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Publications ©
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Rogerio Jorge Single-Stage Stellarator Optimization: Combining Plasma Physics and Controlled Fusion, 65  doi.org/10.1088/1361-
Coils with Fixed Boundary Equilibria 074003 (2023) 6587/acd957

CENGREEUETEG O Energetic Particle Tracing in Optimized Journal of Plasma Physics, 90(2), doi.org/10.1017/S00223
Quasisymmetric Stellarator Equilibria 905900207 (2024) 77824000400

Rogerio Jorge Direct Microstability Optimization of Stellarator  Physical Review E, 110(3), 035201 (2024)  doi.org/10.1103/PhysRe
Devices vE.110.035201

Miguel Madeira Tokamak to Stellarator Conversion using Plasma Physics and Controlled Fusion, 66  doi.org/10.1088/1361-
Permanent Magnets 085008 (2024) 6587/ad5586

Pedro Curvo Using Deep Learning to Design High Aspect Ratio Journal of Plasma Physics (submitted) arXiv:2409.00564
Fusion Devices

35 LN [ Differentiable Single-Stage Optimization of Journal of Computational Physics (in -
Stellarator Coils Based on Alpha Particle Losses  preparation)
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EnR Task Specification
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The project is divided into 5 different tasks (WP)
« WP — Patrticle tracer code development (near-axis & full MHD)
} 2022

With the following goals

» Create an open-source, user friendly, fully tested particle tracer (WP1, WP2)
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WP1

Development of the NEAT code

(a o)

v" Near-Axis Geometry
v" Full MHD Geometry

O GitHub Open-source and automatic testing with GitHub actions

. ssts @ Actions [ Projects [ Wiki @ Security |~ Insights @ Settings
NEAT & rogeriojorge  NEAT ' Public
Workflows ~ Newwor wiow Al workflows
Showing runs from all worktiows
M .. . Q Filter w
NEar-Axis opTimisation % ©
%o Codestyle 865 workflow runs.
license [GPL=3.0 § build 'passing codecov  61% %o Linting © Now added save_loss_raction function

2, Publish Python distribution . Codestyls #284: Commit 0324240 pushed by rogericioras

Already being used by the
stellarator optimization community

Critical dient imization toward a stellarator reactor concept

G T. Roberg-Clark: G. G. Pluak, P. i S. A. Henneberg, and H. M. Smith
cv-Planck-Institut fir Pl -17431, Greifowald, Germany
8,202

arXiv:2301.06773v1 [physics.plasm-ph] 17 Jan 2023
when rescaled to an ARIES-CS-equivalent [36] minor ra-

di adglume averaged magnetic field strength, using
thg NEAT fode [37, 38] (Fig. 2). Increased neoclassical

User-friendly example in near-axis geometry

from neat.fields import StellnaQS

from neat.tracing import ChargedParticle, ParticleOrbit
g_field StellnaQs.

g_particle

g_orbit

g_orbit.

sl le-3 ks

r sinid@y

print("
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WP1

Flexible geometries Multiple tracers
« VMEC output files « SIMPLE

» Near-axis analytical model e gyronimo

* Near-axis quasisymmetry (exact/partial) « SIMSOPT

« Dommaschk potentials (magnetic islands) « BEAMS3D

SIMPLE (VMEC)
Particle in VMEC geometry particle tracer
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Benchmark available on
https://github.com/rogeriojorge/
particle_tracing_benchmark

Plasma Boundary

Inner surface
Magnetic axis
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WP1 ©

\=¥
NEAT is fast as it uses C++ for trajectory calculations,
which are called via Python
But can we simplify it further?
| Scaling with problem size
Use JAX Wall time per 1M grid cells (lower is better)
1 T e NumPy
- JAX: High-Performance Array Computing 18 ;\&\ —
NS ----o Fortran
ST JAX is Autograd and XLA, brought together for high-performance numerical computing. ."'"e:f(:*:\ﬂ- -------- Ommmmm— - -o--=="
R R * JAX
0 “x\\ \;‘\!\_ﬁ\ e —mmmm = e NumPy + MPI
® JAX allows python scripts to run as fast as 10 e e
compiled code B — o JAX+MPI
e JAX provides derivatives of the output of the 10" e ::;;;;[,m. rorren M
code with respect to the input (backpropagation) — = =
4 5 6 7 8
® The same code can be run on CPUs and GPUs 10 10 10 10 10

Number of grid elements

JAX performance compared to other compiled and parallelized backends [1]
[1] D. Hafner et al, “Fast, Cheap and Turbulent — Global Ocean Modeling with GPU
Acceleration in Python, Journal of Advances in Modeling Earth Systems 13 (2021)
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WP1

Particle tracer code ESSOS using:
« only Python

hybrid OpenMP/MPI parallelization

able to run on CPUs and GPUs

£ EditPins ~ | @ Unwatch 1
¥ main ~ ¥ 1Branch © Tags Q Gotofile t Add file ~ <> Code ~
6 EstevaoMGomes Improving comparison plots

6035a13 - |last week @ 52 Commits

Guiding Center Equations

On Biot-Savart coll fields

Developed by IST undergrad Student

Pinned

£ uwplasma/ESSOS  Public

Estévao's Single Stage Optimizer of alpha particles via differentiable
JAX code

@ Python

54 contributions in the last year

Oct Nov Dec Jan Feb Mar Apr May
Mon
Wed
p_— : : o
Estévédo Moreira Gomes Fi L] s
EstevaoMGomes

Learn how we count contributions

Optimized stellarator (WP5)
m vt :f_;f‘](r')x |:-_:"|3 - P
- (—‘ - r'") B=xVE-Vi ‘!&55@ 'm‘.
qB* \ 2 Ny A ’A? g = AN 35 o
. h 12 /‘-—.ﬁhh «‘. ~ v ."'
§ = ‘f—; : % (*?l + e-f) BxVE-Vo + /./’ \%j — (4 85 C,‘ é b &
. ' l ) — Vies b S '
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WP1 o)
=/
Particle tracer code ESSOS using: Developed by IST undergrad Student
- Pinned

i 0 n |y Python J uwplasma/ESSOS  Public

Estévao's Single Stage Optimizer of alpha particles via differentiable

JAX code
* hybrid OpenMP/MPI parallelization ®pyoon
i able tO run On CPUS and GPUS 54 contributions in the last year

Oct Nov Dec Jan Feb Mar Apr May

Mon

Wed
Benchmarks Estévao Moreira Gomes Fl ..' .

EstevaoMGomes Learn how we count contributions
Time comparison between ESSOS and simsopt )
B ESS0S - gle=7 Energy Conservation Error in the magnetic field calculation
10-14 W simsopt 6 107!
E I
m 4
% 10-2 - 2 % 10
[ ¥l o 5
a w =
e - “ 107
g 107?
£ ”
—6 10+ —
10 100 1000 10000
107 10 100 1000 10000 -8 0.0 0.5 25 3.0 35 4.0 Number of segments of each coil
le-7

Number of segments of each coil
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EnR Task Specification
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The project is divided into 5 different tasks (WP)

«  WP2 — Combine particle tracer and stellarator optimization codes } 2022

With the following goals

» Create an open-source, user friendly, fully tested particle tracer (WP1, WP2)
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WP2 — Combine particle tracer and stellarator optimization codes
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2. Integration with stellarator optimization frameworks (WP2)

scipy.optimize.minimize or SIMSOPT — near-axis

SIMSOPT - full MHD DESC - full MHD (finalizing)

User-friendly example in near-axis geometry

Reduction in loss of alpha particles

LeastSquaresProblem
least_squares_mpi_solve
MpiPartition
StellnaQs
EffectiveVelocityResidual
ChargedParticleEnsemble

simsopt.objectives
simsopt.solve
simsopt.util.mpi
neat.fields
neat.objectives
neat.tracing

mpi = MpiPartition()

nsamples = 500

Crinal - des _  _» Choose particle ensemble

g_particle = ChargedParticleEnsemble( =0.83, =8.1, =5, =5, =18,
g_field = StellnaQsS.from_paper{'rl section 5.1' ChOOSG geometry
g_field.fix_all()

g_field.unfix("e

g_field.unfix("r

g_field.unfix("zs(1)"

residual = EffectiveVelocityResidual(g_field,g_particle,nsamples,tfinal,2,0.1)

prob = LeastSquaresProblem.from_tuples(

[(residual.], @, 48),
g_field.get_elongation, 0.0, 0.
g_field.get_inv_L_grad_B, @, @.

least_squares_mpi_solve(prob,mpi,

————» Choose objective function

5
1)1)

=20, 7tol=1e-5) Qptimize

Loss Fraction

B Initial
Final
0.25 4
0.20
0.15
0.10
0.05 A
0.00
T T
1077 107 107
Time (s)
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EnR Task Specification

(///":
{
\&

The project is divided into 5 different tasks (WP)

}

2023

WP3 - Optimized stellarator equilibria (QS, QI and General)

With the following goals

« Perform the first direct fast particle optimization of a stellarator (WP3)
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WP3 — Optimized stellarator equilibria ©

RIC(5,0)+-0.2

. Optimized stellarator configurations (WP3)
* Obtained Near-Axis Optimizations

» Obtained full MHD Optimizations

Minimal benchmark problem

Trace 2400 particles for 5 x 10~* s with the SIMPLE
code

Scale the minor radius and magnetic field to half of the
ARIES-CS reactor

Save the fraction of loss particles in an array for each
RBC(1,0)

Each point takes ~1 second on a laptop

Loss fraction

0.45 A

0.40 A

o
w
x

0.30 A

0.25 A

Local minimization
methods not able to find
the global minimum

Quasisymmetry

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
RBC(1,0)
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WP3 - Optimized stellarator equilibria ©

Scripts available on https://github.com/rogeriojorge/EPoptimization

3. Optimized stellarator configurations (WP3)
« Obtained Near-Axis Optimizations (previous slide)

» Obtained full MHD Optimizations

|B] [Tesla] on surface s=0.105

o

Stochastic optimization — generalized dual annealing

vl

1.0

1.0 %.4 138
| 0.5 %3 1.30
] . Weo)\! s 31
0.8 “m\la“o 0.0 g 122
op —-0.5 § 21
1.14
-1.0
0.6 1 H 1.06

0.0 0.5 1.0 15 2.0 2.5 3.0
Boozer toroidal angle ¢

0.4

The optimizer found a
guasi-isodynamic stellarator

021 = Opt|m|zed solution
Lo (2.5% losses)
0.0 T T T T T T .
0 . 500. 1000 1500 00 2500 3000 . _ oo - 5'
Number of iterations Found a robust solution 95 Lo =19 |nitial condition # scipy.optimize.dual_annealing
(100% Iosses) 1' r]::lk: g ;G" dn .'l al I1L .h'pl:‘l‘h rlw:rll E::‘::‘;._I;T..’. vindtmd 82
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» Viability of near-axis solutions as good initial o Paosonco . & kooon . & Frrts @ snc R Bockcus
conditions for full MHD designs e [
Ieairnal of Pladma K seve POF | | o Shace | | 6 e d Righvis & Permistions
Py
* Near-axis database and machine learning model
. Searck
\/ > physics > arXiv:2409.00564
= O J... [ Pl i i Q. Type[/]to search = O pedrocurvo / MLStellaratorDesign & Q Type[7 to search PhYSiCS = Plasma PhySics
<> Code (O lssues [} Pullrequests ( Actions [ Projects (O security |~ Insights <> Code () Issues 1) Pullrequests 3 Discuss jons () Actions [ Projects [ Wiki [Submitted on 31 Aug 2024]
== PICNeuralNetworkQuasisymmetricStellarator ' Public @unwatch 2 - @) MLStellaratorDesign ' Private © Unwatch 2 USIng Deep Learnlng to Des'Qn ngh

WP3 - Optimized stellarator equilibria ©

Focus on the near-axis expansion

Fublished cnling by Camibridge University Prass: 05 April 204

Energetic particle tracing in optimized
quasi-symmetric stellarator equilibria

Aspect Ratio Fusion Devices

P main - ¥ 4Branches © 0 Tags Q Go to file |+ ¥ main ~ ¥ 1Branch © 0 Tags Q Goto file t ||+

P. Curvo, D. R. Ferreira, R. Jorge

== JoaoAGCandido results: mae mse std b3fb680 - & months ago <) 136 Commits @ diogoff untracking gitattributes 9d3d0ad - 8 hours ago %) 78 Commits
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WP3 - Optimized stellarator equilibria ©

Focus on the near-axis expansion

Create near-axis plasma boundaries and export them to VMEC.

Viability of near-axis solutions as good initial
conditions for full MHD designs

aspect ratio = 6.51

aspect ratio = 8.26

aspect ratio = 10.53

1.
_1.

R

aspect ratio = 13.46

R

aspect ratio = 17.23

©

<
N 8 9

R

@ X * o

R

aspect ratio = 22.07

N | @
Initial fluy surface
VMEC axip
Near-Axis ( i e) Xis

VMEC Initial Pgsition
Near-Axis (true) Initial Position

Compare (R, Z) values of a near-axis vs. VMEC point

10-1 4

Relative Error in Location

1073 4

1072 A

(Raxisymec — Raxisnear — axis)/Raxisymec
(Zaxisymec — Zaxisnear - axis ) Zaxisymec
(RvmEC = Ruear - axis)/RvmEc
(ZvmEec = Znear - axis) Zvmec

(tvMEC = tnear - axis)/tvmEC

10! 2x 10!
Aspect Ratio of the Plasma Boundary
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WP3 — Optimized stellarator equilibria

Focus on the near-axis expansion

» Viability of near-axis solutions as good initial

conditions for full MHD designs

%00 02 04 06 08 10 12 100 02 04 o068 08 10 12
Timestep 1es Timestep 1e

Ficure 3. Orbits obtained with SIMPLE with (s, 8,¢) =

Rogerio Jorge | EUROfusion Science Meeting | Results of Enabling Research Projects 2021-2024| October 23, 2024

5

Isurnal of Pladma AL Sawe POF
Pl

1. Use NEAT to benchmark codes (gyronimo vs SIMPLE)

00 02 04 06 08 10 12
Timestep 1e

5

(0.25,2.89,1.84) and v /v = 0.44 as

//\
I}\))

Energetic particle tracing in optimized
quasi-symmetric stellarator equilibria

Fublished cnling by Camibridge University Prass: 05 April 204

FA Fyueiredo L, B Jorge L . Ferrera and F. Rodrigue

—
& e & Righviz & Permaaices

m me
1.0 mpl 19 simpl
05 05

5 5

£ 00 £ 0.0

@ @

“» »

—os| -0.5|
~10 -1.0
1o -05 L) 05 10 10 -05 o0 05 10
s cos(8) 5 cos(8)

gyronimo and SIMPLE tracers for original precise QQA, scaled to
4 and By, the field at the plasma axis. With an initial position
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WP3 - Optimized stellarator equilibria ©

Focus on the near-axis expansion

» Viability of near-axis solutions as good initial

conditions for full MHD designs

2. Compare near-axis vs. full MHD orbits
Quasi- AX|symmetry

\ A A oa‘ \ f
| 06 | \ 1\
0.6 \ :( I \ (] “ “ “ ‘ [\ /
@ \ [} | 2 11 ‘\H,/\ \ 08 \
0.4 yayi vme 04 | | WEVE R vmec \ /’
boo: Y T b 0.4 \
\ asc By N Y VYA it ‘ g /
o 2'o 0 02 0.4 6 08 1.0 0.0 02 0.4 06 08 10 00 02 0.4
t(s) 1e=3 t(s) te=3 t(s)
1 s %
0 s‘
s -
£ 00
-0 5‘
-1 o‘
s 0 0o 5
ost¢y  scosld)

Energetic particle tracing in optimized
quasi-symmetric stellarator equilibria

Fublished cnling by Camibridge University Prass: 05 April 204

FA Fyueiredo ., B jorge . ). Ferrera and F. Rodrigue
m I
- =
Isurnal of Plasma AL Sawe POF A Shace [T [8) raghis B Permisnicns
Py

QuaS| Helical Symmetry
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; ; R |
!H T e T wee | 7022 || il
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WP3 — Optimized stellarator equilibria

Focus on the near-axis expansion

» Viability of near-axis solutions as good initial
conditions for full MHD designs

3. Compare near-axis vs full MHD loss fractions

Quasi-Axisymmetry

9 — NA
- 10/ — VMEC
L
——
Q
ég 5
wn
w
o
=0
107° 10-°

1074
t(s)

1073

Isairnal of Pladma
Pl

Loss fraction (%)

10

(\'\’ ‘}))

Energetic particle tracing in optimized
quasi-symmetric stellarator equilibria

Fublished cnling by Camibridge Liniversity Pr

w5 05 April 2024

F. Radrigue

il Cre

—
& Righviz & Permaaices

Quasi-Helical Symmetry

—— NA
—— VMEC
108 1073 1074
t(s)
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WP3 — Optimized stellarator equilibria ©

N=

Energetic particle tracing in optimized
quasi-symmetric stellarator equilibria

Published enline by Cambridge University Prass: 05 April 2024

Focus on the near-axis expansion w

» Viability of near-axis solutions as good initial
conditions for full MHD designs

/ FA Fueireds ., B joroe |. Farmer and F. Rodrigue
ety

Isairnal of Pladma .'-;‘ Sawe PDF Al Share i Cee d' Righes B Permivtions
Phyiis
4. Obtain analytical formulas for the trapped-passing e R
boundary and banana width using near-axis expansion 095 PN fioiiiii g
(14 aa+/s; Ncosb;) <)< (14 aa+/s; cosb;) ’{U'QOE . Y ,r
(I+aavsi+24s [q]) =" = (1+aav/si —24s [i]) 0851 wighthr. S\& © : ¢ 7/t % Trapped
moli  1— ABo/(2B)) I lowThe NSt L Overian
n - 0 i . . e wm WoaA w ow # r
As = 28 + (v/8i + ASavg — /83 6; ] 0.80: S S S S S
i mq tN,aaBo \/1—)\30/31‘( Vet Vs Saug = V/5) 08 ) 0 mf2 n 3mf 2 2n
ﬁj
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WP3 — Optimized stellarator equilibria ©
Focus on the near-axis expansion
« Near-axis database and machine learning model = ‘ o ewmmem e
© 135 Commis @ diog

1. Create a near-axis database similar to | v Landreman, 3pp 88(), 2022

= O, nip=2

OH, nfp=2

41 OH. nfp=3
= OH, nfp=4

Rotatienal transform o
L)
f
|
|| ﬁ

« QH, nfp=5
OH, nip=6

« OH, nip=7

: - Lesgatidd
OH, nip=8 \==:=..=|1 '

-1 YT it
et 'HHiHHltHlHl”lH

.=
=11
=

Ve ,
I it
.-"_'.'_J' . -p-"-'",_rr“'.':l"r‘.“rﬂj?’-r.r [ KT I

1.8

I 1
16 . 20 22 24
Length of magnetic axis [ {2mR)
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WP3 — Optimized stellarator equilibria ©

=/

Focus on the near-axis expansion

= O J.. | PICNeuraiNetworkQuasisymmetricStellara... Q. Type (7]to search = o e G e Q Trpa[ search

<> Code (O Issues I Pulirequests (© Actions B Projects @ Security | Insights Code (D issues I1 Pullrequests () Discussions (D Actions [ Prolects (1 wiki

* Near-axis database and machine learning model = immericslarator s G- @ Wisalaordeson

P men - | Pasonches QoTgs | Q Goto o] [# Pmen o Pieas 00T | Qcowe o+
<= Joaos ndi sult s 31b680 - 8 months 0} ommits @ diog . 4.9 ho o)

| M. Landreman, JPP 88(6), 2022 |

2. Experiment with data-reduction and clustering methods (e.g., find division between QA and QH)

HDBSCAN Clustering of nfp=3 using y mean 1

40

20 188
i
N 1
w
2 o f
@ b
by
0.9
0 i
0%
oS

0 20 40
t-SNE 1
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WP3 — Optimized stellarator equilibria ©

N=

Focus on the near-axis expansion

= ) - 1 PcNeuraiNetworkQuasisymmetricstetara. =] () pesocure | Misrirmcuson e
<> Code () Issues Il Pullirequests ( Actions [ Projects (@ Security |~ Insights <> Code (D issues Il Pullrequests () Discussions (® actions (B Prolects (D wiki
« Near-axis database and machine learning model = P —
<z JoaoAGCandido results b31b680 - 8 months ago  {3) 135 Commits @ diogoft uniracking gitattributes 9d3d084 - 9 hours age  {5) 78 Comeits

| M. Landreman, JPP 88(6), 2022 |

3. Train neural network to reproduce forward and inverse solutions alpha = 7.9 1e- 05, batch_size = 87,

hidden_layer_sizes = [45, 45, 45, 45],

Forward model (easy to reproduce) Inverse model (hard to reproduce) rearning_rate_init=9.3 x 10~
Adjusted R-Squared R-Squared RMSE Time Taken « . . . . . -
Model Given an elongation, ¢ and elongation, what are its near-axis parameters?
ExtraTreesRegressor .66 8.66 ©.60 3.84
RandomForestRegressor 0.64 0.64 9.62 11.98 v -
%GBRegressor 0.64 0.64 0.62 4.36 7 J ) : e ) e o
BaggingRegressor 8.61 8.61 2.64 1.21 Axis Length
MLPRegressor 8.59 8.59 0.65 3.54 .1 1 L
KNeighborsRegressor @.51 0.51 9.72 9.18
DecisionTreeRegressor @.29 ©.29 @.87 .28
ExtraTreeRegressor 8.24 @.24 0.9 0.04 0 2’ .
RidgeCV 8.04 8.04 0.99 9.081 g £ g
Ridge .04 0.04 0.99 8.01 - o a
Lars .04 8.84 0.99 8.81
TransformedTargetRegressor 0.04 8.84 9.99 0.81
LinearRegression 0.04 0.04  0.99 0.01 -2 T Hiex Engation - . Max Elongation -2
KernelRidge @.e4 0.04 9.99 12.93 - Rotational Transform - Rotational Transform
OrthogonalMatchingPursuit 0.04 0.84 0.99 .01 N sis Lengtn . ¥ Axis Length , A
ElasticNet -0.00 -0.080 1.81 8.91 -5 o 5 10 15 20 25 - -3 -2 -1 0 1 2 3 a - -3 -2 -1 0 1 2 3 a
Lasso -.80 -0.0e 1.81 P.01 Predicted Predicted Predicted
DummyRegressor -08.00 -0.00 1.e1 0.81 i
DummyRegr -0.00 -0.00 101 o.01 Linear Regressor Polynomial Regressor Neural Network
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WP3 - Optimized stellarator equilibria ©

Focus on the near-axis expansion

* Near-axis database and machine learning model = i e e @ Mo
¥ main ~ ¥ 4Branches © 0 Tags Q Gotofile t o+ ¥ main ~ P 18m Gato flie

0 Tags

= JoaoAGCandido resuts: mas mse std 5316680 -8 months ago ) 135 Commits @ Sogolt unirscking clatiributes adad0ad . 9 hours ago 79 Comeits

| M. Landreman, JPP 88(6), 2022 |

3. Train neural network to reproduce forward and inverse solutions
4. Train mixture density networks to solve the inverse de5|n problem

Dintnset Good Stellarntors (%)
AT {1V > physics > arkiv:2409.00564
Gutput‘ Pl‘ﬂpl’.‘,rt}-‘ | R-'a“-ge \ Bofoen braining (uniform ssam plisg) [ils i K]
Chatpat Larpar L P"v After the fing training iteration LTt
Hidden Layer ) pusmedn 31 409 £ After the second traising iteration 1L3TRE
is lengtlh 0.0 s Usmg Deep Learnlng to Design High After the thisd training iterntion 00
s engli = U Inpui Layer m Aspect Ratio Fusion Devices Aler the bt training feration 123503
[&] = 0.2 i P. Curvo, D. R, Ferreia, R Jorge Aler the Bith training itesation B0IET0
max elongation = 10.0 ] i < . ) TaBLE 6, Percontage of good stellamton in oach iteration datasst
min Ly g = 0.1 ) ) y e - . ’ [ - * -2
min Ry = ﬂ..‘}r _ i R 5 r X . =
Taingularity = 0.05 . " i Sinflarsion
vaﬂ = 0.1 - Ml e el = :I|$Jm
;jw]vur:ut'.ml = 5.0 i ' E
_|".|! ; H:I_ . * Herural Hitwerk * + +
Ditere % 1° > 0.0 |
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EnR Task Specification
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The project is divided into 5 different tasks (WP)

}

«  WP4 — Physics study of near-axis expansion and Nemov’s criterion — 2023

With the following goals
« Compare fast particle optimization with commonly used proxies (WP4)
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Physics study of Nemov’s criterion ©

—

Nemov I, - minimize radial drift of trapped orbits

L -1 Bmax /Bmi . .
r.= ¥ lim (/ 9) / AR V, - bounce average radial drift 0/ /00  pup Calculate J at each
8L>=\Jo B 1 == V', - DOunce average poloidal drift 0] /o« surface and normalized
> Vlpj . _ 2 Ve 18l B| magnetic moment b’=1/
X Yero 5 Ve = —arctan— = .
v%,- 1B b2 VT T Vo 1= Joounce 7 dl - adiabatic invariant by bounce averaging
. . |88] in [¥] on surface s=0.218_aipha=0
Higher resolution and longer field lines create Many turning points on ;,1
discontinuities between wells leading to noise unoptimized stellarators J I h }
| o0 surface s=0.218 and lambda=1.02 )y on surface s=0.218 and lambda=1.02 make CaICUIat|0n Very e L l | U |Iq.
: ‘ ::.::** * ;*: : ¥ *::;I;*" *:*z*:,* *t:g; i : CO mpIeX ';uu:- I JH l'
N1 :‘]“ 1 Q . ;i!! HHTH ‘ *:f*‘ ***‘,,** *f::**' *:g‘a ,.**.*‘ |82 in [T} on surface 5=0.218 w0 h
gsaf'fi:l':::"f:;f': ik 3%5:!%‘5 st 1 e e s . | !
"“:"l .3 : s i = ': 3*."!'33',: z :.',.: H N * %3 *a H ’i‘l 102 1A
03 t !' r!' ;:': : :‘::!' 4 1 '"'O! " :": . * 7 : : * *Ea * « ¥ -:-‘ 099 T . : - : - r T
w T M i gl
0.24 g 1 ¢
o Jile "mnmm'émmﬂz J"f” R ,,::*: -;*“-.J w,-;h! 5.*-.*",* 1 g 2 09e . Calculation of I, .
ks B ] L5 s G e eane | v | implemented but noise
0o l . : e  jathat 1* " 3** 2 t it - | hinders optimization efforts
Boorer mixed angle o [rad] Boozer mixed angle a [rad] um“'w Ddl "m,l b LY (R Coelho, J ROdrlgueS)
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EnR Task Specification
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The project is divided into 5 different tasks (WP)

-

2023

« WP5 — Fast particle orbits in realistic magnetic fields

With the following goals

« Extend the optimization to stochastic magnetic fields (WP5)
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WP5 — Fast particle orbits in realistic magnetic fields f;)

Implementation of particle tracing on DESC (collaboration with PPPL)

@ ESC « Summer 2023 visit of Jo&o Biu to Princeton
« Particle tracing now implemented in DESC

Stellarator Optimization Package

« DESC uses automatic differentiation

« Study of direct particle tracing using automatic differentiation underway

DESC solves for and optimizes 3D MHD equilibria using pseudo-spectral numerical methods and automatic

differentiation. . . . L . .
Particle + coordinate variation in time

1.000 A

The i and il ion details used by DESC are presented in these papers 1234,ng

! ) —— original eq -
documented at Theory. Please cite our work if you use DESC! S P
09075 { —— optimized eq -
[1]  Dudt, D. & Kolemen, E. (2020). DESC: A Stellarator Equilibrium Solver. [Physics of Plasmas] [pdf] ’//
[2]  Panici, D. et al (2023). The DESC Stellarator Code Suite Part I: Quick and accurate equilibria computations. [JPP] [pdf] a5 /
. . o . 0.825 1 g
Starting Equilibrium Optimized Equilibrium //
0.900 e
= -
g 0875 o e
P 4 //
¥ . 0.850 | e
- - b. -
A 0.825 ///
o 7
0.800
— .
0.00 0.0z 0.04 0.06 008 010
‘-'ll . t
Particle drifting from flux surface g Particle confined in flux surface g
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WP5 — Fast particle orbits in realistic magnetic fields ©)

Dommaschk potentials (analytical B field in NEAT)

) Actions [ Projects [0 Wiki @ Security |~ Insights @ Se ~ + R
) § Magnetic islands <
Implementation of Dommaschk fields #19 islands = R
- Chaotic _
2 [ Fileschanged 17 field
lines

Passing particles traced in such a field

Segr™

Poincaré plot of . & w7
Dommaschk magnetic field ST Analysis of trapped trajectories in magnetic islands left for future work
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