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Stellarators require careful optimization

Since 
2021
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Fraction of alpha-particle energy lost before thermalization

Presenter Notes
Presentation Notes
Plot that many people have already seen 
Motivation for optimization
Guiding center, no collisions -> this is not the full story

Each configuration has been scaled to the minor radius and averaged field strength of ARIES-CS. 
In each configuration, 20 000 alpha particles are initialized isotropically in velocity space at 3.5 MeV, with a spatial density proportional to the local fusion reaction rate.

Reactor scale – QS is really important.
It does not mean that these experiments are not successful, just that they don’t scale to reactor scale well.
The take-home message if that we have refined optimization tools today



Quasisymmetry is one possible path to optimize 
neoclassical transport in stellarators
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Nested magnetic surfaces

Collisionless orbit confinement (omnigeneous)

Quasi-symmetric field (QS)

Quasi-isodynamic fields (QI)

QH QP QA
LHD

W7-A

W7-AS

W7-X

NCSX

MUSE

HSX

TJ-K

TJ-II

Heliotron J

CNT

CTH

CFQS

OPERATIONAL

SHUT DOWN

CANCELLED

CSX

Landreman & Paul, PRL 2022

UNDER CONSTRUCTION

Presenter Notes
Presentation Notes
There are not a lot of experiments for QS fields
ONE OBJECTIVE OF CSX IS TO STUDY QA�� 
- At first we thought about QP for CSX, but it is almost impossible to get with the set of coils we are considering.
- MUSE is much smaller – about 0.01 cubic meter.



CNT device at Columbia University can be refurnished 
to study quasi-axisymmetry and NI-HTS coils
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IL coils

PF coils

Presenter Notes
Presentation Notes
CNT:
Confinement of pure electron of electron-positron plasmas
Use strong electric field for confinement

CSX:
Demonstrate advanced stellarator optimization techniques
Demonstrate new magnet technology
Study quasi-neutral, neoclassically optimized plasmas


A SECOND OBJECTIVE OF CSX IS TO TEST NEW MAGNET TECHNOLOGY





Physics of interest guides optimization targets
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What should be CSX 
plasma objectives?

What are the expected 
plasma parameters? 

What kind of physics can 
we study in CSX?

What could be CSX 
configuration?

Optimization

What are CSX 
engineering constraints?

Presenter Notes
Presentation Notes
This flow chart depicts the thought process behind CSX design
It also shows the outline of my talk.
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Low power High beta Low collisionality

Density 1017𝑚𝑚−3 5 ⋅ 1018𝑚𝑚−3 1017𝑚𝑚−3

Heating system 10kW, 2.45GHz ECH 40-100kW 40-100kW

Electron temperature 5𝑒𝑒𝑒𝑒 30𝑒𝑒𝑒𝑒 30𝑒𝑒𝑒𝑒
Magnetic field 0.1𝑇𝑇 0.08𝑇𝑇 0.5𝑇𝑇
Rotational transform 0.27 0.27 0.27
Minor radius 13𝑐𝑐𝑐𝑐 13𝑐𝑐𝑐𝑐 13𝑐𝑐𝑐𝑐
Volume 0.1𝑚𝑚3 0.1𝑚𝑚3 0.1𝑚𝑚3

Plasma beta 0.002% 𝟎𝟎.𝟗𝟗𝟗𝟗𝟗 0.0005%
Electron collisionality 𝜈𝜈∗ 0.25 0.37 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎
Ion collisionality 𝜈𝜈∗ 0.17 0.25 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎
Neoclassical regime Plateau Plateau Low collisionality

Key plasma parameters are estimated from 
past CNT data

K. Hammond 2017

Presenter Notes
Presentation Notes
We consider three sets of parameters
Parameters with today heating system
Parameters to go to large beta, as proposed by K. Hammond in his thesis. Proposed to study beta limits in stellarator, expected CNT to be ballooning unstable at 0.9%. Not necessarily true for CSX, but we could explore high beta
Low collisionality. More relevant for neoclassical theory


Mention iota bigger than 0.25 needed for bulk ions confinement

Collisionality = relative magnitude of the collision frequency with the transit frequency (bounce period)



Plasma flow damping is reduced 
in QS fields

8

• Capability to sustain strong flows and quasisymmetry are 
equivalent

• Flow is possible in symmetry direction independently of 
collisionality regime

• Minor radius 0.13m
• Magnetic field on axis 0.5T
• 50kW heating power

• HSX observed reduced flow damping with QS

Helander et.al., 2008

Gerhardt et.al., 2005

Presenter Notes
Presentation Notes
Flow damping measurements made 20 years ago in HSX
Never done in QA - Mention MUSE – plasma flow measurements are planned / done?
HSX has similar parameters as CSX, though larger aspect ratio








Weak flow damping condition 
dictates required QA precision

9

If 𝑩𝑩 = 𝑩𝑩𝑸𝑸𝑸𝑸 + 𝛼𝛼𝑩𝑩𝒏𝒏𝒏𝒏𝒏𝒏−𝑸𝑸𝑸𝑸, strong flows are possible if
|𝛼𝛼𝛼𝛼𝜃𝜃𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛−𝑄𝑄𝑄𝑄 ∼ 𝛼𝛼 𝜕𝜕𝜃𝜃𝐵𝐵𝑄𝑄𝑄𝑄|
|𝛼𝛼𝛼𝛼𝜁𝜁𝐵𝐵𝑛𝑛𝑛𝑛𝑛𝑛−𝑄𝑄𝑄𝑄 ∼ 𝛼𝛼 𝜕𝜕𝜁𝜁𝐵𝐵𝑄𝑄𝑄𝑄|

Then flows close to sonic speed are obtained as long as

𝛼𝛼 <
𝜌𝜌𝑖𝑖

|∇ ln𝐵𝐵0|−1 ∼
𝜌𝜌𝑖𝑖
𝑎𝑎 ∼ 10%

Calvo et.al., 2013
Calvo et.al., 2015

Presenter Notes
Presentation Notes
* Magnetic scale length obtained by looking at dominant mode in magnetic field
QA dominated by m=1 mode -> related to minor radius

* This is ensured by optimizing for QA, and checking a posteriori.



Diffusive banana

Electron beam mapping can be 
used to study electron trajectories
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• Validate magnetic field

• Design of error field correction coils

• Study electron loss channels

Ripple trapped

K. Hammond 2017

Presenter Notes
Presentation Notes
Electron beam mapping -> passing orbits
Inject electron on trapped orbits?


Trapped electron from EB mapping
Passing ions
Iota criterion is for bulk ions
One slide on electron beam mapping
One slide on passing ions



“Fast” ions can be generated 
with a source in the plasma
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Trapped bulk ions: need small banana width for 
confinement
→Need sufficient rotational transform

Trapped “fast” ions: not confined. Rotational 
transform too low.

Passing ions: 
Study interaction with MHD activity

Bovet et.al., 2012Fast ion source in TORPEX

Δ𝑟𝑟 ∼
𝜌𝜌
𝜋𝜋𝜋𝜋

2
𝜖𝜖 1 + 𝜖𝜖

𝜄𝜄 > 𝜄𝜄𝑐𝑐 = 0.21



IL coils are made with High-Temperature 
Superconducting (HTS) tape
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𝜖𝜖𝑡𝑡𝑡𝑡𝑡𝑡 = max(𝜖𝜖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑥𝑥 + 𝜖𝜖𝑡𝑡𝑡𝑡𝑡𝑡(𝑥𝑥)) < 0.004
Paz-Soldan, 2020
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Designing CSX requires balancing objectives with 
engineering constraints

14

OBJECTIVES
• Flow damping studies -> good quasi-symmetry
• Bulk ions confinement-> minimum rotational transform
• Large volume
• Filled with magnetic surfaces

CONSTRAINTS
• Use external PF coils
• Use only two IL coils 
• Fits within the existing vacuum vessel
• Satisfies HTS constraints
• Robust to manufacturing errors

Limited parameter space

Strong engineering 
constraints



Coils degrees of freedom are limited

15

• PF coils: 
• Fixed geometry
• Current is free 

• IL coils:
• Current is fixed
• Geometry is free, stellarator symmetry enforced

1 dof

𝑥𝑥 = 𝑥𝑥0 + �
𝑛𝑛=1

7

𝑥𝑥𝑛𝑛 cos(2𝜋𝜋𝜋𝜋𝜋𝜋)

𝑦𝑦 = �
𝑛𝑛=1

7

𝑦𝑦𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝜋𝜋𝜋𝜋)

𝑧𝑧 = �
𝑛𝑛=1

7

𝑧𝑧𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝜋𝜋𝜋𝜋)

22 dofs

One field period, stellarator symmetric, 
10 coils per field period

One field period, 
stellarator symmetric, 
1 coils per field period

Presenter Notes
Presentation Notes
Explain hard way bending and torsional strain

Hard way bending, also called binormal curtvature
Torsional strain is how much the frame is twisting as you move along the curve



Winding angle freedom is used
to minimize HTS strain

16

(𝑻𝑻,𝑵𝑵,𝑩𝑩) is the curve centroid frame

𝜆𝜆(𝑙𝑙)

Winding angle

𝑵𝑵

𝑩𝑩

𝜆𝜆 𝑙𝑙 = 𝜆𝜆0 + �
𝑛𝑛=1

10

𝜆𝜆𝑐𝑐𝑐𝑐 cos 2𝜋𝜋𝜋𝜋𝜋𝜋 + �
𝑛𝑛=1

10

𝜆𝜆𝑠𝑠𝑛𝑛 sin(2𝜋𝜋𝜋𝜋𝜋𝜋)

21 dofs {𝜆𝜆0, 𝜆𝜆𝑐𝑐𝑐𝑐, 𝜆𝜆𝑠𝑠𝑠𝑠}

Presenter Notes
Presentation Notes
Discuss orally impact of winding angle on field 



Binormal strain is traded off with torsional strain 
by optimizing the winding angle

17

Original

Optimized

𝜖𝜖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑥𝑥

𝜖𝜖𝑡𝑡𝑡𝑡𝑡𝑡 𝑥𝑥

𝒅𝒅 = 𝜆𝜆0, 𝜆𝜆𝑐𝑐𝑐𝑐, 𝜆𝜆𝑠𝑠𝑠𝑠

Presenter Notes
Presentation Notes
Strain threshold is 0.4
Strain is here a dimensionless parameter, and usually expressed as percentage.
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OBJECTIVES
• Flow damping studies -> good quasi-symmetry
• Bulk ions confinement-> minimum rotational transform
• Large volume
• Filled with magnetic surfaces

CONSTRAINTS
• Use external PF coils
• Use only two IL coils 
• Fits within the existing vacuum vessel
• Satisfies HTS constraints
• Robust to manufacturing errors

Limited parameter space

Strong engineering 
constraints

Designing CSX requires balancing objectives with 
engineering constraints



Traditional stellarator optimization uses 
the “two-stage” approach

19

STAGE I

𝑓𝑓𝐼𝐼 Γ = 𝑓𝑓𝑄𝑄𝑄𝑄 Γ + 𝑓𝑓𝜄𝜄 Γ + 𝑓𝑓𝐴𝐴 Γ + 𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Γ + …

Γ

STAGE II

𝑓𝑓𝐼𝐼𝐼𝐼 ci, 𝜆𝜆𝑖𝑖 = �
Γ

𝑩𝑩 𝑐𝑐𝑖𝑖 ⋅ �𝑛𝑛 2 𝑑𝑑𝑑𝑑 + 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟({𝑐𝑐𝑖𝑖 , 𝜆𝜆𝑖𝑖})

𝑐𝑐𝑖𝑖𝒅𝒅 = Γ𝑛𝑛 𝒅𝒅 = 𝑥𝑥0, 𝑥𝑥𝑐𝑐𝑐𝑐,𝑦𝑦𝑠𝑠𝑠𝑠, 𝑧𝑧𝑠𝑠𝑠𝑠, 𝜆𝜆0, 𝜆𝜆𝑐𝑐𝑐𝑐, 𝜆𝜆𝑠𝑠𝑠𝑠, 𝐼𝐼

Presenter Notes
Presentation Notes
Explain freg – these are all the engineering penalty functions, such as coil length, coil curvature, etc



Strong engineering constraints calls for combined coil-
plasma optimization approaches

20

Different algorithms exist:

• Using fixed-boundary MHD equilibrium code

• Using free-boundary MHD equilibrium codes

• Optimizing vacuum field, by directly
constructing plasma boundary from the 
vacuum field

Henneberg et.al., 2021

Jorge et.al., 2023

Smiet et.al. 2024

Giuliani et.al., 2023

Generated with Quasr

Total coil length
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quasr.flatironinstitute.org



First approach uses fixed-boundary 
equilibrium solver

21

𝑓𝑓 Γ, {ci, 𝜆𝜆𝑖𝑖} = 𝑓𝑓𝐼𝐼 Γ + 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 {ci, 𝜆𝜆𝑖𝑖} + �
Γ

𝑩𝑩 𝑐𝑐𝑖𝑖 ⋅ �𝑛𝑛
𝑩𝑩

2

𝑑𝑑𝑑𝑑

Targets:
• Quasisymmetry
• Rotational transform
• Volume

Solver: VMEC
Derivatives: Finite differences

Target:
• Within vacuum vessel
• Max length
• Min coil-coil distance
• Min coil-plasma distance
• Max HTS strain
• Max Arclength variation

Derivatives: Automatic differentiation
Jorge et.al., 2023

𝒅𝒅 = Γ𝑛𝑛, 𝑥𝑥0, 𝑥𝑥𝑐𝑐𝑐𝑐,𝑦𝑦𝑠𝑠𝑠𝑠, 𝑧𝑧𝑠𝑠𝑠𝑠, 𝜆𝜆0, 𝜆𝜆𝑐𝑐𝑐𝑐, 𝜆𝜆𝑠𝑠𝑠𝑠, 𝐼𝐼𝑃𝑃𝑃𝑃

Presenter Notes
Presentation Notes
VMEC -> Fixed-boundary MHD equilibrium solver



We consider various initial guesses

22

Jorge et.al., 2023

QS

ι

Rqa
Rcssc

CNT32

CNT39

CSX target

Jorge et.al., 2023

Yu et.al., 2022

Presenter Notes
Presentation Notes
Rqa is tricky to use, hard to increase volume
Rcssc is found to be the best initial guess. Need to push coils inside vessel though
CNT32 and 39 are far from target CSX but have a large volume. Best solution found with the VMEC approach using these initial guess.



QS can be improved from CNT39

23

• 𝜄𝜄 = 0.38 → 0.268
• Max QS error = 30% → 10%
• Max HTS Strain = 0.006
• Volume = 0.24 →0.098 m3

Presenter Notes
Presentation Notes
Volume comparable to CNT





Finite difference errors hinder optimization results

24

Presenter Notes
Presentation Notes
Volume comparable to CNT





Second approach does not rely on MHD solver

25

• Parameterize surface Γ(𝒓𝒓𝒔𝒔) in Boozer coordinates, total current 
𝐺𝐺 and rotational transform 𝜄𝜄 obtained from vacuum field.

𝑹𝑹 = 𝐺𝐺
𝑩𝑩

|𝑩𝑩|
− 𝑩𝑩

𝜕𝜕𝒓𝒓𝒔𝒔
𝜕𝜕𝜕𝜕

+ 𝜄𝜄
𝜕𝜕𝒓𝒓𝒔𝒔
𝜕𝜕𝜕𝜕

• Target function is then

𝑓𝑓 𝑐𝑐𝑖𝑖 , 𝜆𝜆𝑖𝑖 = 𝑓𝑓𝐼𝐼 𝐫𝐫𝐬𝐬({ci}) + 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 {ci, 𝜆𝜆𝑖𝑖} + 𝑹𝑹 2

• (+) Derivatives are available
• Speed
• Robustness

• (-) Only for vacuum fields

Giuliani et.al., 2023

Giuliani et.al., 2022

Presenter Notes
Presentation Notes





Better QA is achieved with the 
Boozer surface approach

26

• 𝜄𝜄 = 0.27
• Max QS error = 5.9%
• Max HTS Strain = 0.003
• Volume = 0.1m3

Presenter Notes
Presentation Notes
Objective are slightly different so 1 to 1 comparison is difficult
Overall we found better results with Boozer surface approach




Rsccs initial guess leads to 
better configurations

27

• 𝜄𝜄 = 0.27
• Max QS error = 5%
• Max HTS Strain = 0.0028
• Volume = 0.1m3

Presenter Notes
Presentation Notes
This is the best optimum we found. Not the same initial guess as before

dJ ~ 1e-4, better convergence



Tight aspect ratio competes with QA

3/26/24 28

Generated with Quasr,
N=42688

28

QA error QA error

Aspect ratio Aspect ratio Aspect ratio

QA error
Ncoils=4 Ncoils=8 Ncoils=12

quasr.flatironinstitute.org

Presenter Notes
Presentation Notes
S. Buller paper – from stage I approach
True limitation is also limited degrees of freedom – go on WPs solution after this



Better QA is obtained by including 
windowpane coils

3/26/24 2929

• 𝜄𝜄 = 0.27
• Max QS error = 2%
• Max HTS Strain = 0.0032
• Volume = 0.1m3
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IL coils are made with non-insulated High-
Temperature Superconducting (HTS) tape

32

Optimized 
winding track



First prototype was planar

33

Presenter Notes
Presentation Notes
Winding rig

Emphasize new tech! first of its kind coils – large scale, non-planar



Second prototype is non-planar and 
will be tested this summer

34

Presenter Notes
Presentation Notes
Winding is being done this week!



Second prototype was wound recently

35

Presenter Notes
Presentation Notes
Winding is being done this week!
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Small scale devices are useful to validate fluid codes

37

Coehlo et.al., 2023

GBS validation in TJ-K

• GBS, BSTING are fluid codes, useful to study 
plasma turbulence in the stellarator boundary

• Relevant for collision-dominated plasma
• Plasma edge
• Small scale devices

• Important differences with tokamak results 
call for validation in stellarator geometries

Coehlo et.al., 2022

Presenter Notes
Presentation Notes
GBS, Bsting

Talk about physical parameter that is relevant, and why it makes sense in our device. Braginskii ordering - Small gyroradius, collision dominated

Might be removed in interest of time




Shape gradients provide information 
on coil sensitivity

38

Goals: Evaluate the shape gradient of coils

𝛿𝛿𝛿𝛿 = �
𝑘𝑘

�𝑑𝑑𝑑𝑑 𝑺𝑺𝑘𝑘 ⋅ 𝛿𝛿𝒓𝒓

• 𝛿𝛿𝛿𝛿 can be a perturbation to QA, mean rotational 
transform, island width, …

• Estimate required precision from engineers

• Design control coils to decrease sensitivity

Landreman et.al., 2018

Shape gradient 𝑺𝑺

Presenter Notes
Presentation Notes
GBS, Bsting

Talk about physical parameter that is relevant, and why it makes sense in our device. Braginskii ordering - Small gyroradius, collision dominated

Might be removed in interest of time




Stochastic optimization

39

Rigid perturbations – positioning errors

Wechsung et.al., 2022

Gaussian perturbation - manufacturing errors

Presenter Notes
Presentation Notes
GBS, Bsting

Talk about physical parameter that is relevant, and why it makes sense in our device. Braginskii ordering - Small gyroradius, collision dominated

Might be removed in interest of time




Effect of coils with finite width

40

𝑩𝑩 = 𝑩𝑩(𝑥𝑥0, 𝑥𝑥𝑐𝑐𝑐𝑐,𝑦𝑦𝑠𝑠𝑠𝑠, 𝑧𝑧𝑠𝑠𝑠𝑠, 𝜆𝜆0, 𝜆𝜆𝑐𝑐𝑐𝑐, 𝜆𝜆𝑠𝑠𝑠𝑠, 𝐼𝐼𝑃𝑃𝑃𝑃)

Magnetic field now depends on
• Number of HTS tracks
• Number of HTS turns
• Coil section width
• Winding angle



Conclusions
• The CSX experiment is currently begin designed at 

Columbia University
• Quasisymmetric stellarator
• Goal is to study flow damping, validate fluid codes, verify fast 

ion loss channels, and MHD mode saturation
• We are open to any additional idea!

• Tight engineering constraints call for the use of 
combined plasma-coil optimization techniques

• Refurnishing of CNT vacuum vessel and PF coils
• Satisfactory QS levels are obtained for reasonable coils

• Coils are manufactured at Columbia University
• Non-insulated HTS technology
• HTS strain minimization is included in the optimization

41



Backup slides

42



Boozer 
Surface 
Construction

43

Giuliani et.al., 2022



Stellarator symmetry

44

Dewar and Hudson, 1998



Flow damping can be measured 
in a QS field

45

Gerhardt et.al., 2005

Presenter Notes
Presentation Notes

Highlight: Flow damping in QA not studied before

We are considering flow damping in optimization. Keep equation in backup



MHD could be studied in CSX

46

De Aguilera et.al., 2015

• Experimental evidence of interchange instability saturation at low amplitude
• Small impact on transport
• Is the magnetic well over-constraining our optimizations?

Presenter Notes
Presentation Notes
Need flexibility on magnetic well? Something to include optimization?��
Energy confinement time in TJ-II
Even if no magnetic well (unstable), mode saturates at low implitude, small impact on transport
Goal is to diagnose and understand non linear saturation
CSX has low temperature, advantage of sticking probes in the plasma, high resolution measurement
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