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  Abstract
  We propose a new method to compute magnetic surfaces that are parametrized in Boozer coordinates for vacuum magnetic fields. We also propose a measure for quasisymmetry on the computed surfaces and use it to design coils that generate a magnetic field that is quasisymmetric on those surfaces. The rotational transform of the field and complexity measures for the coils are also controlled in the design problem. Using an adjoint approach, we are able to obtain analytic derivatives for this optimization problem, yielding an efficient gradient-based algorithm. Starting from an initial coil set that presents nested magnetic surfaces for a large fraction of the volume, our method converges rapidly to coil systems generating fields with excellent quasisymmetry and low particle losses. In particular for low complexity coils, we are able to significantly improve the performance compared with coils obtained from the standard two-stage approach, e.g. reduce losses of fusion-produced alpha particles born at half-radius from $17.7\,\%$ to $6.6\,\%$. We also demonstrate 16-coil configurations with alpha loss ${<}1\,\%$ and neoclassical transport magnitude $\epsilon _{\text {eff}}^{3/2}$ less than approximately $5\times 10^{-9}$.



 


   
  Keywords
 plasma confinementfusion plasma
 

  
	
Type

	Research Article


 	
Information

	Journal of Plasma Physics
  
,
Volume 88
  
,
Issue 4
  , August 2022   , 905880401
 DOI: https://doi.org/10.1017/S0022377822000563
 [Opens in a new window]
 
  NASA ADS Abstract Service
 [Opens in a new window]



   	
Copyright

	
Copyright © The Author(s), 2022. Published by Cambridge University Press




 Access options
 Get access to the full version of this content by using one of the access options below. (Log in options will check for institutional or personal access. Content may require purchase if you do not have access.)  


    
 References
 
REFERENCES

 
 

 


 
 

 Albert, C.G., Kasilov, S.V. & Kernbichler, W. 2020 a Accelerated methods for direct computation of fusion alpha particle losses within stellarator optimization. J. Plasma Phys. 86, 815860201.CrossRefGoogle Scholar


 
 

 Albert, C.G., Kasilov, S.V. & Kernbichler, W. 2020 b Symplectic integration with non-canonical quadrature for guiding-center orbits in magnetic confinement devices. J. Comput. Phys. 403, 109065.CrossRefGoogle Scholar


 
 

 Bader, A., Anderson, D.T., Drevlak, M., Faber, B.J., Hegna, C.C., Henneberg, S., Landreman, M., Schmitt, J.C., Suzuki, Y. & Ware, A. 2021 Modeling of energetic particle transport in optimized stellarators. Nucl. Fusion 61, 116060.CrossRefGoogle Scholar


 
 

 Boozer, A.H. 1981 Plasma equilibrium with rational magnetic surfaces. Phys. Fluids 24 (11), 1999–2003.CrossRefGoogle Scholar


 
 

 Boozer, A.H. 2005 Physics of magnetically confined plasmas. Rev. Mod. Phys. 76, 1071–1141.CrossRefGoogle Scholar


 
 

 Brown, T., Breslau, J., Gates, D., Pomphrey, N. & Zolfaghari, A. 2015 Engineering optimization of stellarator coils lead to improvements in device maintenance. In 2015 IEEE 26th Symposium on Fusion Engineering, pp. 1–6. doi: 10.1109/SOFE.2015.7482426.CrossRefGoogle Scholar


 
 

 Dewar, R., Gibson, A. & Hudson, S. 2010 Unified theory of ghost and quadratic-flux-minimizing surfaces. J. Plasma Fusion Res. 9.Google Scholar


 
 

 D'haeseleer, W.D., Hitchon, W.N., Callen, J.D. & Shohet, J.L. 2012 Flux Coordinates and Magnetic Field Structure: A Guide to a Fundamental Tool of Plasma Theory. Springer Science & Business Media.Google Scholar


 
 

 Drevlak, M. 1998 Automated optimization of stellarator coils. Fusion Technol. 33 (2), 106–117.CrossRefGoogle Scholar


 
 

 Garren, D.A. & Boozer, A.H. 1991 Existence of quasihelically symmetric stellarators. Phys. Fluids B 3 (10), 2822–2834.CrossRefGoogle Scholar


 
 

 Giuliani, A., Wechsung, F., Cerfon, A., Stadler, G. & Landreman, M. 2022 Single-stage gradient-based stellarator coil design: optimization for near-axis quasi-symmetry. J. Comput. Phys. 459, 111147.CrossRefGoogle Scholar


 
 

 Helander, P. 2014 Theory of plasma confinement in non-axisymmetric magnetic fields. Rep. Prog. Phys. 77 (8), 087001.CrossRefGoogle ScholarPubMed


 
 

 Henneberg, S.A., Hudson, S.R., Pfefferlé, D. & Helander, P. 2021 Combined plasma–coil optimization algorithms. J. Plasma Phys. 87 (2).CrossRefGoogle Scholar


 
 

 Hirshman, S.P. & Whitson, J.C. 1983 Steepest-descent moment method for three-dimensional magnetohydrodynamic equilibria. Phys. Fluids 26 (12), 3553–3568.CrossRefGoogle Scholar


 
 

 Klinger, T., Baylard, C., Beidler, C., Boscary, J., Bosch, H., Dinklage, A., Hartmann, D., Helander, P., Maßberg, H., Peacock, A., et al. 2013 Towards assembly completion and preparation of experimental campaigns of Wendelstein 7-X in the perspective of a path to a stellarator fusion power plant. Fusion Engng Des. 88 (6), 461–465.CrossRefGoogle Scholar


 
 

 Kruger, T.G., Zhu, C., Bader, A., Anderson, D.T. & Singh, L. 2021 Constrained stellarator coil curvature optimization with FOCUS. J. Plasma Phys. 87 (2), 175870201.CrossRefGoogle Scholar


 
 

 Landreman, M. 2017 An improved current potential method for fast computation of stellarator coil shapes. Nucl. Fusion 57 (4), 046003.CrossRefGoogle Scholar


 
 

 Landreman, M., Medasani, B., Wechsung, F., Giuliani, A., Jorge, R. & Zhu, C. 2021 SIMSOPT: a flexible framework for stellarator optimization. J. Open Source Softw. 6, 3525.CrossRefGoogle Scholar


 
 

 Landreman, M. & Paul, E. 2022 Magnetic fields with precise quasisymmetry for plasma confinement. Phys. Rev. Lett. 128, 035001.CrossRefGoogle ScholarPubMed


 
 

 Landreman, M. & Sengupta, W. 2018 Direct construction of optimized stellarator shapes. Part 1. Theory in cylindrical coordinates. J. Plasma Phys. 84 (6), 905840616.CrossRefGoogle Scholar


 
 

 Landreman, M. & Sengupta, W. 2019 Constructing stellarators with quasisymmetry to high order. J. Plasma Phys. 85 (6).CrossRefGoogle Scholar


 
 

 Landreman, M., Sengupta, W. & Plunk, G.G. 2019 Direct construction of optimized stellarator shapes. Part 2. Numerical quasisymmetric solutions. J. Plasma Phys. 85 (1), 905850103.CrossRefGoogle Scholar


 
 

 Merkel, P. 1987 Solution of stellarator boundary value problems with external currents. Nucl. Fusion 27 (5), 867–871.CrossRefGoogle Scholar


 
 

 Neilson, G.H., Gruber, C.O., Harris, J.H., Rej, D.J., Simmons, R.T. & Strykowsky, R.L. 2010 Lessons learned in risk management on NCSX. IEEE Trans. Plasma Sci. 38 (3), 320–327.CrossRefGoogle Scholar


 
 

 Nemov, V.V., Kasilov, S.V., Kernbichler, W. & Heyn, M.F. 1999 Evaluation of $1/\nu$
 neoclassical transport in stellarators. Phys. Plasmas 6, 4622.CrossRefGoogle Scholar


 
 

 Nocedal, J. & Wright, S. 2006 Numerical Optimization. Springer Science & Business Media.Google Scholar


 
 

 Paul, E., Landreman, M., Bader, A. & Dorland, W. 2018 An adjoint method for gradient-based optimization of stellarator coil shapes. Nucl. Fusion 58 (7), 076015.CrossRefGoogle Scholar


 
 

 Singh, L., Kruger, T.G., Bader, A., Zhu, C., Hudson, S.R. & Anderson, D.T. 2020 Optimization of finite-build stellarator coils. J. Plasma Phys. 86 (4), 905860404.CrossRefGoogle Scholar


 
 

 Spong, D.A. 2015 3D toroidal physics: testing the boundaries of symmetry breaking. Phys. Plasmas 22, 055062.CrossRefGoogle Scholar


 
 

 Strickler, D.J., Berry, L.A. & Hirshman, S.P. 2002 Designing coils for compact stellarators. Fusion Sci. Technol. 41 (2), 107–115.CrossRefGoogle Scholar


 
 

 Strickler, D.J., Hirshman, S.P., Spong, D.A., Cole, M.J., Lyon, J.F., Nelson, B.E., Williamson, D.E. & Ware, A.S. 2004 Development of a robust quasi-poloidal compact stellarator. Fusion Sci. Technol. 45 (1), 15–26.CrossRefGoogle Scholar


 
 

 Strykowsky, R.L., Brown, T., Chrzanowski, J., Cole, M., Heitzenroeder, P., Neilson, G.H., Rej, D. & Viol, M. 2009 Engineering cost & schedule lessons learned on NCSX. In 2009 23rd IEEE/NPSS Symposium on Fusion Engineering, pp. 1–4. doi: 10.1109/FUSION.2009.5226449.CrossRefGoogle Scholar


 
 

 Tröltzsch, F. 2010 Optimal Control of Partial Differential Equations: Theory, Methods and Applications. Graduate Studies in Mathematics, vol. 112. American Mathematical Society.Google Scholar


 
 

 Wechsung, F., Giuliani, A., Landreman, M., Cerfon, A. & Stadler, G. 2021 a Single-stage gradient-based stellarator coil design: stochastic optimization. Nucl. Fusion 62 (7), 076034.CrossRefGoogle Scholar


 
 

 Wechsung, F., Landreman, M., Giuliani, A., Cerfon, A. & Stadler, G. 2022 Precise stellarator quasi-symmetry can be achieved with electromagnetic coils. Proc. Natl Acad. Sci. USA 119 (13), e2202084119.CrossRefGoogle ScholarPubMed


 
 

 Yu, G., Feng, Z., Jiang, P. & Fu, G. 2022 Existence of an optimized stellarator with simple coils. J. Plasma Phys. 88 (3), 905880306.CrossRefGoogle Scholar


 
 

 Zhu, C., Hudson, S.R., Song, Y. & Wan, Y. 2017 New method to design stellarator coils without the winding surface. Nucl. Fusion 58 (1), 016008.CrossRefGoogle Scholar




 

           



 
  	8
	Cited by


 

   




 Cited by

 
 Loading...


    


 













Cited by





	



8




	


















Crossref Citations










This article has been cited by the following publications. This list is generated based on data provided by
Crossref.









Landreman, Matt
2022.
Mapping the space of quasisymmetric stellarators using optimized near-axis expansion.
Journal of Plasma Physics,
Vol. 88,
Issue. 6,


	CrossRef
	Google Scholar






Landreman, M.
Buller, S.
and
Drevlak, M.
2022.
Optimization of quasi-symmetric stellarators with self-consistent bootstrap current and energetic particle confinement.
Physics of Plasmas,
Vol. 29,
Issue. 8,


	CrossRef
	Google Scholar






Jorge, R
Goodman, A
Landreman, M
Rodrigues, J
and
Wechsung, F
2023.
Single-stage stellarator optimization: combining coils with fixed boundary equilibria.
Plasma Physics and Controlled Fusion,
Vol. 65,
Issue. 7,
p.
074003.


	CrossRef
	Google Scholar






Law, Frederick
Cerfon, Antoine
Peherstorfer, Benjamin
and
Wechsung, Florian
2023.
Meta variance reduction for Monte Carlo estimation of energetic particle confinement during stellarator optimization.
Journal of Computational Physics,
Vol. 495,
Issue. ,
p.
112524.


	CrossRef
	Google Scholar






Giuliani, Andrew
Wechsung, Florian
Cerfon, Antoine
Landreman, Matt
and
Stadler, Georg
2023.
Direct stellarator coil optimization for nested magnetic surfaces with precise quasi-symmetry.
Physics of Plasmas,
Vol. 30,
Issue. 4,


	CrossRef
	Google Scholar






Lee, Brandon F.
Paul, Elizabeth J.
Stadler, Georg
and
Landreman, Matt
2023.
Stellarator coil optimization supporting multiple magnetic configurations.
Nuclear Fusion,
Vol. 63,
Issue. 1,
p.
014002.


	CrossRef
	Google Scholar






Bindel, David
Landreman, Matt
and
Padidar, Misha
2023.
Understanding trade-offs in stellarator design with multi-objective optimization.
Journal of Plasma Physics,
Vol. 89,
Issue. 5,


	CrossRef
	Google Scholar






Kappel, John
Landreman, Matt
and
Malhotra, Dhairya
2024.
The magnetic gradient scale length explains why certain plasmas require close external magnetic coils.
Plasma Physics and Controlled Fusion,
Vol. 66,
Issue. 2,
p.
025018.


	CrossRef
	Google Scholar


















Google Scholar Citations

View all Google Scholar citations
for this article.














 

×






	Librarians
	Authors
	Publishing partners
	Agents
	Corporates








	

Additional Information











	Accessibility
	Our blog
	News
	Contact and help
	Cambridge Core legal notices
	Feedback
	Sitemap



Select your country preference




Afghanistan
Aland Islands
Albania
Algeria
American Samoa
Andorra
Angola
Anguilla
Antarctica
Antigua and Barbuda
Argentina
Armenia
Aruba
Australia
Austria
Azerbaijan
Bahamas
Bahrain
Bangladesh
Barbados
Belarus
Belgium
Belize
Benin
Bermuda
Bhutan
Bolivia
Bosnia and Herzegovina
Botswana
Bouvet Island
Brazil
British Indian Ocean Territory
Brunei Darussalam
Bulgaria
Burkina Faso
Burundi
Cambodia
Cameroon
Canada
Cape Verde
Cayman Islands
Central African Republic
Chad
Channel Islands, Isle of Man
Chile
China
Christmas Island
Cocos (Keeling) Islands
Colombia
Comoros
Congo
Congo, The Democratic Republic of the
Cook Islands
Costa Rica
Cote D'Ivoire
Croatia
Cuba
Cyprus
Czech Republic
Denmark
Djibouti
Dominica
Dominican Republic
East Timor
Ecuador
Egypt
El Salvador
Equatorial Guinea
Eritrea
Estonia
Ethiopia
Falkland Islands (Malvinas)
Faroe Islands
Fiji
Finland
France
French Guiana
French Polynesia
French Southern Territories
Gabon
Gambia
Georgia
Germany
Ghana
Gibraltar
Greece
Greenland
Grenada
Guadeloupe
Guam
Guatemala
Guernsey
Guinea
Guinea-bissau
Guyana
Haiti
Heard and Mc Donald Islands
Honduras
Hong Kong
Hungary
Iceland
India
Indonesia
Iran, Islamic Republic of
Iraq
Ireland
Israel
Italy
Jamaica
Japan
Jersey
Jordan
Kazakhstan
Kenya
Kiribati
Korea, Democratic People's Republic of
Korea, Republic of
Kuwait
Kyrgyzstan
Lao People's Democratic Republic
Latvia
Lebanon
Lesotho
Liberia
Libyan Arab Jamahiriya
Liechtenstein
Lithuania
Luxembourg
Macau
Macedonia
Madagascar
Malawi
Malaysia
Maldives
Mali
Malta
Marshall Islands
Martinique
Mauritania
Mauritius
Mayotte
Mexico
Micronesia, Federated States of
Moldova, Republic of
Monaco
Mongolia
Montenegro
Montserrat
Morocco
Mozambique
Myanmar
Namibia
Nauru
Nepal
Netherlands
Netherlands Antilles
New Caledonia
New Zealand
Nicaragua
Niger
Nigeria
Niue
Norfolk Island
Northern Mariana Islands
Norway
Oman
Pakistan
Palau
Palestinian Territory, Occupied
Panama
Papua New Guinea
Paraguay
Peru
Philippines
Pitcairn
Poland
Portugal
Puerto Rico
Qatar
Reunion
Romania
Russian Federation
Rwanda
Saint Kitts and Nevis
Saint Lucia
Saint Vincent and the Grenadines
Samoa
San Marino
Sao Tome and Principe
Saudi Arabia
Senegal
Serbia
Seychelles
Sierra Leone
Singapore
Slovakia
Slovenia
Solomon Islands
Somalia
South Africa
South Georgia and the South Sandwich Islands
Spain
Sri Lanka
St. Helena
St. Pierre and Miquelon
Sudan
Suriname
Svalbard and Jan Mayen Islands
Swaziland
Sweden
Switzerland
Syrian Arab Republic
Taiwan
Tajikistan
Tanzania, United Republic of
Thailand
Togo
Tokelau
Tonga
Trinidad and Tobago
Tunisia
Turkey
Turkmenistan
Turks and Caicos Islands
Tuvalu
Uganda
Ukraine
United Arab Emirates
United Kingdom
United States
United States Minor Outlying Islands
United States Virgin Islands
Uruguay
Uzbekistan
Vanuatu
Vatican City
Venezuela
Vietnam
Virgin Islands (British)
Wallis and Futuna Islands
Western Sahara
Yemen
Zambia
Zimbabwe









Join us online

	









	









	









	









	


























	

Legal Information










	









	Rights & Permissions
	Copyright
	Privacy Notice
	Terms of use
	Cookies Policy
	
© Cambridge University Press 2024

	Back to top













	
© Cambridge University Press 2024

	Back to top












































Cancel

Confirm





×





















Save article to Kindle






To save this article to your Kindle, first ensure coreplatform@cambridge.org is added to your Approved Personal Document E-mail List under your Personal Document Settings on the Manage Your Content and Devices page of your Amazon account. Then enter the ‘name’ part of your Kindle email address below.
Find out more about saving to your Kindle.



Note you can select to save to either the @free.kindle.com or @kindle.com variations. ‘@free.kindle.com’ emails are free but can only be saved to your device when it is connected to wi-fi. ‘@kindle.com’ emails can be delivered even when you are not connected to wi-fi, but note that service fees apply.



Find out more about the Kindle Personal Document Service.








Direct computation of magnetic surfaces in Boozer coordinates and coil optimization for quasisymmetry








	Volume 88, Issue 4
	
Andrew Giuliani (a1), Florian Wechsung (a1), Georg Stadler (a1), Antoine Cerfon (a1) and Matt Landreman (a2)

	DOI: https://doi.org/10.1017/S0022377822000563





 








Your Kindle email address




Please provide your Kindle email.



@free.kindle.com
@kindle.com (service fees apply)









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Dropbox







To save this article to your Dropbox account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Dropbox account.
Find out more about saving content to Dropbox.

 





Direct computation of magnetic surfaces in Boozer coordinates and coil optimization for quasisymmetry








	Volume 88, Issue 4
	
Andrew Giuliani (a1), Florian Wechsung (a1), Georg Stadler (a1), Antoine Cerfon (a1) and Matt Landreman (a2)

	DOI: https://doi.org/10.1017/S0022377822000563





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×




Save article to Google Drive







To save this article to your Google Drive account, please select one or more formats and confirm that you agree to abide by our usage policies. If this is the first time you used this feature, you will be asked to authorise Cambridge Core to connect with your Google Drive account.
Find out more about saving content to Google Drive.

 





Direct computation of magnetic surfaces in Boozer coordinates and coil optimization for quasisymmetry








	Volume 88, Issue 4
	
Andrew Giuliani (a1), Florian Wechsung (a1), Georg Stadler (a1), Antoine Cerfon (a1) and Matt Landreman (a2)

	DOI: https://doi.org/10.1017/S0022377822000563





 









Available formats

 PDF

Please select a format to save.

 







By using this service, you agree that you will only keep content for personal use, and will not openly distribute them via Dropbox, Google Drive or other file sharing services
Please confirm that you accept the terms of use.















Cancel




Save














×



×



Reply to:

Submit a response













Title *

Please enter a title for your response.







Contents *


Contents help










Close Contents help









 



- No HTML tags allowed
- Web page URLs will display as text only
- Lines and paragraphs break automatically
- Attachments, images or tables are not permitted




Please enter your response.









Your details









First name *

Please enter your first name.




Last name *

Please enter your last name.




Email *


Email help










Close Email help









 



Your email address will be used in order to notify you when your comment has been reviewed by the moderator and in case the author(s) of the article or the moderator need to contact you directly.




Please enter a valid email address.






Occupation

Please enter your occupation.




Affiliation

Please enter any affiliation.















You have entered the maximum number of contributors






Conflicting interests








Do you have any conflicting interests? *

Conflicting interests help











Close Conflicting interests help









 



Please list any fees and grants from, employment by, consultancy for, shared ownership in or any close relationship with, at any time over the preceding 36 months, any organisation whose interests may be affected by the publication of the response. Please also list any non-financial associations or interests (personal, professional, political, institutional, religious or other) that a reasonable reader would want to know about in relation to the submitted work. This pertains to all the authors of the piece, their spouses or partners.





 Yes


 No




More information *

Please enter details of the conflict of interest or select 'No'.









  Please tick the box to confirm you agree to our Terms of use. *


Please accept terms of use.









  Please tick the box to confirm you agree that your name, comment and conflicts of interest (if accepted) will be visible on the website and your comment may be printed in the journal at the Editor’s discretion. *


Please confirm you agree that your details will be displayed.


















