
Stellarator	Ini,a,ve	
and	New	Approaches	

M.C.	Zarnstorff,	C.	Zhu,	D.	A.	Gates,	S.	Cowley		(PPPL)	
M.	Landreman	(Maryland),	P.	Helander	(IPP-Greifswald)	

	
PPPL	

June	24,	2019	



•  PPPL	Strategic	IniKaKve	
-  W7X	and	LHD	collaboraKons	
-  Theory	5-year	Plan:	advances	in	stellarator	modeling	
-  LDRD	acKviKes	on	experiment	design	

•  Simons	FoundaKon:	Hidden	Symmetries	and	Fusion	Energy”	study	

•  DPP/Community	Planning	Ini1a1ve	
-  Aim	for	the	minimum	cost,	steady-state	fusion	pilot	plant		(NAS	

recommendaKon)	
-  As	recommended	by	the	recent	NAS	report	
-  Strategy:		Simplify	

•  Proposal	for	new	experiment:	SAS	
	
	

Initiatives on Stellarators for Fusion 
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Stellarators	simplify	fusion	systems:	
	
•  Steady,	low	risk	operaKon:		Intrinsically	avoid	disrupKons,	runaways	
EM	loads.	

•  Efficient,	Compact	Facility:		No	need	for	current	drive	(v.low	
recirculaKng	power,	smaller	unit	size)	

•  MHD	Stability	at	high	β:		higher	power	density	without	complexity	of	
v.	high	field	

•  Reduced	risk:	Fields	are	from	coils,	not	self-organizaKon	
•  Easier	first	wall:		Stellarators	have	longer	connecKon	length	
divertors,	higher	plasma	density	(lower	heat	loads)	
	

Why	Stellarators?	
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2010		Pilot	Plant	Studies	Iden,fy	Opportuni,es	
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•  Eliminate	CD	need	&	systems	
-  Increase	energy	efficiency	
-  Reduce	required	nTτ	for	fixed	P-electric	
-  ReKre	ηCD	risk,	disrupKon	risks	
-  Simplify	and	increase	TBR	

•  Produce	net	power	at	moderate	
					scale	and	plasma	power	flux.		Aim	for	
					-			~50	-	100	MWe	
					-			30-100	MW	plasma	heaKng,	JET/W7X	scale	
					-			low	triKum	inventory	
						
•  Need	compa1ble	high-β,	high	confinement	&	PFC	solu1on	

	
	

[J.E. Menard et al., NF 2011)] 

[H. Zohm et al., 2017] 
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What	has	changed?				Understanding	
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W7-X	has	Rapidly	Exceeded	ExpectaKons:			(Klinger	et	al,	NF	59	(2019)	112004)	
-  Te(0)	~	10	keV;			τE	up	to	~0.24	sec	
-  IniKal	validaKon	of	neoclassical	opKmizaKon	
-  Turbulence	dominated	confinement	
-  No	impurity	accumulaKon	
-  Well	funcKoning	3D	divertor,	controlled	detachment	
Building	on	results	from	HSX	and	LHD	

Conclusion:	Stellarator	op,miza,on	works!	
	
Theory	and	modeling-based	understanding	improved:	

	-	How	to	design	for	fast	ion	orbit	confinement	(2	methods)	
									-	Unifying	tokamak	and	stellarator	understanding	and	codes	(esp.	turbulence)	
Tokamak	exploraKon	of	PFC	materials		(high	Z;		low	Z;		liquids)	
	
	

 
    
  



What	has	changed?				Coil	Simplifica,on	
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•  Highest	priority	need	in	previous	assessments	
-  Crucial	for	maintenance	and	availability	
-  ConstrucKon	costs	

•  Three	approaches,	likely	used	in	combinaKon	
-  Permanent	magnets	for	3-D	shaping	
-  Bulk	superconductors,	for	simple	3D	shaping	at	high	B	
-  Improved	coil-design	codes,	enabling	coil	shape	simplificaKon	
	

•  Permanent	magnets:	simplify	engineering	&	design	
-  Equivalent	to	saddle	coils	(early	design	for	NCSX)	
-  Primarily	on	inside,	outer	thickness	~zero	
-  Planar	coils	for	TF		(simplest	possible)	
-  At	highest	B,	may	only	be	usable	on	outer	half	of	torus	
					Guarantee	straight	coil	outer	legs	for	maintenance	access	

	
•  Need	to	get	experience	with	these	methods,	mature	engineering	approaches	

April, 2019

Half-tesla QA configuration
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❖ The original NCSX consists of 16 modular coils (in 3 unique shapes), 18 TF 
coils and PF, CS coils. 

❖ Eliminate modular coils
❖ Scale LI383, B0=1.46T, β=4.25% to B0=0.5T. Required poloidal current Ip is

4.055 MA. If using just the TF coils, the current in each coil is about 0.225 MA.

NCSX actual modular coils, TF coils and plasmas.

NCSX design was unable to 
create this equilibrium with
coils – easy with dipoles



Outstanding	Needs	for	Pilot	Plant
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•  What	β-value	to	design	for?	
-  β	=5.4%	(LHD),	β=3.4%	(W7-AS)	sustained;		
						som-maximum;		limit?	
-  Much	higher	than	predicted	by	linear	MHD	
-  Can	high-β	with	high-H	be	extrapolated?	

•  IntegraKon	with	metal	PFCs		(pref.	low-Z,	liq.)	
	

•  Integrated	simplified	designs		
-  Engineering	
-  Stellarator	plasma	physics	design	&	boundary	approach	(metal	PFCs)	
-  Rest	of	fusion	energy	system	

•  IntegraKon	validaKon		(TRL	advance)	

 
    
  

LHD	



SAS:	Advance	Stellarator	Innova,on,	3	ideas	
Overall	goal:	Develop	basis	toward	reduced-cost	pracKcal	fusion	energy	stellarator	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	(e.g.	NAS	study)	
•  Leverage	stellarator	advances		
-  Improved	understanding	from	recent	stellarator	(W7X,…)	and	tokamak	experiments	
-  Synergy	with	Simons	“Hidden	symmetries	and	fusion	energy”	study	results:		focus	on	QS		
	

•  Extreme	simplificaKon	of	3-D	Stellarator	coils	using	permanent	magnets	
-  Resolve	primary	engineering	risk	and	barrier	for	stellarators	
-  DisrupKve	technology	to	simplify	construcKon,	reduce	costs,	greatly	reduce	maintenance	

complexity	
-  Made	possible	by	modern,	neodymium/RE	magnets		
	

•  Liquid-metal	first	wall,	building	on	LTX-β	and	other	iniKaKves	
-  Increase	confinement	
-  Path	to	robust	handling	of	power	exhaust	
-  Use	increased	confinement	to	explore	β	limit	and	physics	
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Proposal	Opportuni,es		&	Timeline	

•  Simons	FoundaKon	has	expressed	interest	in	providing	parKal	funding	
-  In	partnership	with	Hidden	Symmetries	project	
-  At	modest	finding	scale	
-  In	partnership	with	DOE	and	other	funders	
-  “SAS”:		Simons	Advanced	Stellarator	

•  ARPA-E	will	solicit	new	proposals	for	next	round	of	fusion	proposals	
-  Fusion	energy	development	and	technology	focused	
-  SolicitaKon	expected	Sept.	2019.		Proposals	probably	Oct.	2019.	Funding	~	1/1/2020	?	
-  Requires	co-funding,	effecKvely	requires	private	parKcipaKon	
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SAS	Approach	
•  Establish	iniKal	progress	at	minimum	cost,		
-  World’s	first	simple	opKmized	stellarator!		
-  Improved	confinement,	through	opKmized	QS	and	Lithium-boundary	
-  Target	key	topics	

•  Re-use	components,	when	possible	
-  Some	parts	from	NCSX	(TF	coils,	vacuum	vessel),	but	room-temperature	
-  Li-approach,	NB	(1.5MW,	20kV)	and	some	diagnosKcs	from	LTX-β
-  Make	improved	equilibrium	–	beyond	NCSX.		Most	likely	QA.	

•  Make	re-configurable	(via	re-arranging	magnets)	
-  Vehicle	for	tesKng	Hidden	Symmetries	results	
-  For	research	flexibility	
-  Increase	capabiliKes	(incl.	B)	over	Kme	 10	



Permanent	Magnets	Drama,cally	Simplify	Engineering	&	Design	
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•  Shell	of	magnets	around	plasma	
-  “Current	potenKal”	(NESCOIL,	REGCOIL)	calculaKons	

give	simple	indicaKon	of	needed	surface-magneKzaKon		
	

•  Advanced	magnet	technology	approach	
-  Halbach	array	(1980):	for	higher	magnet	efficiency.	
-  Uses	tangenKal	magneKzaKon	to	reduce	magneKc	

reluctance,	increase	field	strength	at	plasma	
-  Used	in	high	efficiency	motors,	generators	
-  Open	NMR	magnet	systems	

	
Solu1ons	by	C.Zhu	&	M.Landreman	for	finite	
thickness	calcula1ons.	

	

Outside	
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Towards magic angle field spinning
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Figure 1. (a) Schematic diagram of a dipolar Halbach cylinder made by assembling twelve trapezoidal segments. The orientation of the magnetization
of each segment is shown on the figure and the resultant field at the center of the magnet points along the x axis. (b) Schematic diagram of a dipolar
Aubert cylinder made by assembling two rings made of 12 trapezoidal segments each. The magnetizations of the segments in the first ring point toward
the center of the ring, and those of the second ring point outwards. The resultant field at the center of the magnet points along the z axis.
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Figure 2. Schematic diagram of a dipolar hybrid cylinder made by
assembling two rings made by 12 trapezoidal segments. The orientation
of the magnetization of each segment follows the magnetization from a
Halbach and Aubert design interleaved every other segment. The resultant
magnetic field points in a direction making an angle θ with the z axis.

can appreciate the demagnetization occurring on the segments
that have their working point in opposition to the direction of
the magnetic field, shown in the figure as darker green arrows.
This demagnetization is responsible for field inhomogeneity and
the breaking of fourth order symmetry for the field maps. These
detrimental effects can be easily shimmed using passive shims[17]

and/or adjustable magnet pieces.[3]

Measurements

A simple demonstration magnet was built using block magnets
purchased from www.supermagnete.de and positioned without
sorting (i.e. selection of the magnets according to their measured
characteristics), according to the diagram shown in Fig. 3. The side
of the magnetized cubes was equal to 10 mm (±100 µm) and their
material was NdFeB, referred commonly as N42. Sixty-four such
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Figure 3. Schematic diagram of a simple homogeneous dipolar hybrid
cylinder made by assembling 64 cubic magnets. The orientation of the
magnetization of each cubic segment is shown. The positions of the cubes
were optimized to eliminate the second order spherical harmonic terms of
each of the longitudinal and transverse components, independently.

cubic magnets were used to form the assembly, which corresponds
to the model studied in the simulation section (Fig. 3). The structure
for holding the magnets together was made of aluminum and
consisted of four housing plates, as shown on Fig. 6. The relative
position of the plates can be micrometrically adjusted along the
z-axis, and the final position was set to optimize longitudinal and
transverse field homogeneity. The clear diameter of the bore, the
outer diameter and the length of the magnet assembly were 28, 95
and 75 mm, respectively. All parts other than the cubes were made
of non-magnetic metallic materials (brass or aluminum). The mass
of the assembly was 1.0 kg and its moment of inertia along the
longitudinal axis was 0.00098 kg m2. The forces involved during
the assembly of this small demonstrator were not excessive, but

Magn. Reson. Chem. 2010, 48, 903–908 Copyright c⃝ 2010 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/mrc



“Rare	Earth”	magnets	are	almost	ideal		
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the bulk magnetisation. The corrected hysteresis curves are used
for undulator magnetic system design with RADIA [26] software.

Fig. 4 presents the sample magnetisation versus temperature
deduced from the measured hysteresis curves for the Nd2Fe14B
(BH50). The Nd2Fe14B sample magnetisation increases when the
temperature is reduced between 300 and 110 K, decreases
between 110 and 80 K because of the appearance of the Spin
Reorientation Transition phenomenon. Nd2Fe14B has a tetragonal
crystallographic structure with a strong Magneto-Crystalline
Anisotropy (MCA) oriented along the crystallographic c axis
[001]. The magneto-crystalline energy E defined by Eq. 2 depends
on the global magnetisation orientation.

E¼ K1 sin2ðyÞþK2 sin4ðyÞ ð2Þ

with y the angle between the magnetisation and the c axis, K1 and
K2 the temperature dependent anisotropy constants. At room
temperature, the Fe and Nd MCA are uniaxial, the magnetisation
of Nd2Fe14B points at the c-axis [001]. Fe MCA keeps the same
direction for all the temperature range. The orientation of the Nd
magnetisation depends of the temperature variation of the
anisotropy constants K1, which is favour to an alignment with
c-axis, and K2 favour to an alignment with [110] resulting in a

canted alignment with c-axis. K1 is dominant at high temperature
and forces the alignment of Nd magnetisation with the c-axis
direction. At low temperature K1 decreases and K2 increases and
becomes dominant. The easy magnetisation axis of the material is
deviated from the c-axis with an angle y¼sin%1(O%K1/
2K2),which reaches 30.61 at 4.2 K [13,15]. The working tempera-
ture of the cryogenic undulator using Nd2Fe14B should then be
higher than the Spin Reorientation Transition temperature.

In contrast to Nd2Fe14B behaviour, Fig. 4 shows that the
remanent magnetisation for Pr2Fe14B sample keeps increasing
for decreasing temperatures, at least down to 80 K. Indeed, the
Spin Reorientation Transition does not take place, for tempera-
tures higher than 4.2 K [27,28], because K1 remains dominant
even at low temperature (K25K1) [29]. This type of permanent
magnet simplifies the cooling system of the cryogenic undulator
by setting it directly at the liquid nitrogen temperature 77 K.

Fig. 5 presents the intrinsic coercivity of the Nd2Fe14B and
Pr2Fe14B samples deduced from the measured hysteresis curves.
The intrinsic coercivity is not affected by the SRT, it increases
continuously for all types of permanent magnets (Nd2Fe14B and
Pr2Fe14B) when the temperature decreases from room tempera-
ture down to 80 K. The value of the coercivity is at least three

Fig. 4. Variation of the remanence versus temperature deduced from the hysteresis cycles measured with magnetometer.

Fig. 5. Variation of the intrinsic coercivity versus temperature deduced from the hysteresis cycles measured with the magnetometer.
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•  µr	=	1.01	–	1.05.		Highly	anisotropic.	
•  Remnant	magneKc	field	and	coercivity	

depend	on	detailed	recipe	and	processing	
•  Both	increase	as	temperature	drops	
•  Nd-Fe-B	has	a	phase	change	at	100-150K	

				Arnold:	NdFeB	at	293K	with	Br=1.49T	
•  Pr-Fe-B	goes	to	higher	performance	<	100K	
•  Commercially	available	in	lg.	quanKty	
•  Fe-N	may	(someday)	offer	Br	>	2.5T	

Typical	curves	
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undulators installed in storage rings to date use this material.  It is important to note, however, 
that successful construction and stable operation of Nb3Sn-based SCUs in storage rings will offer 
the possibility of much higher magnetic fields for the same period length.  (Work has begun in 
this direction but no experimental results or fabrication challenges are reported on in this study.) 

The interest in cryogenic permanent magnet materials comes from the increase in remanent 
field and coercivity of the permanent magnets at low temperatures, providing both higher 
magnetic field and higher resistance to radiation-induced demagnetization of the magnet 
compared to room-temperature operation.  The newer grades of PrFeB show higher performance 
than the grades of NdFeB because, unlike NdFeB, there is no spin reorientation transition at 
~150 K, so operation at colder temperatures becomes advantageous.  (The spin reorientation 
reduces the on-axis undulator field if magnets are cooled below the transition temperature.)  As a 
result, many recent undulators are constructed with PrFeB magnets [9].  This study presents 
results for both magnet materials.  Further, a comprehensive literature review was undertaken 
with key results summarized in tables for quick access at the end. 

 

Magnetic	Computer	Models	
Calculations were carried out using the OPERA-3D code [10] to estimate the field strength 

achievable with a cryogenic permanent magnet undulator.  Models using both PrFeB and NdFeB 
magnets were explored for a hybrid configuration, with vanadium permendur poles between the 
magnets.  Choices made in the design were aimed at making the field of the CPMU large without 
being inconsistent with the range of fabricated undulators.  One example of such a choice is 
selecting strong magnet grades. 

The magnetic parameters used for PrFeB were those of grade NMX-68CU from the Neomax 
Engineering subsidiary of Hitachi Metals, which is being used at the Taiwan Photon Source 
(TPS) [11].  For NdFeB, the magnetic parameters used were those of grade NMX-S45SH, also 
from Neomax.  This is the grade chosen for the CPMU at the Swiss Light Source (SLS) [12].  
Both of these grades are either the strongest or very close to the strongest grades used in existing 
CPMUs.  The important magnetic characteristics are summarized in Table 1. 

Table 1.  Magnetic characteristics of the NdFeB and PrFeB magnet grades used in the computer models.  
Note that cryogenic NdFeB operation was set at a temperature of ~150 K to avoid the reduction in Br due 
to spin reorientation at lower temperatures. 

Material	 Temp	 Br	(T)	 HcB	(kA/m)	 HcB	(Oe)	 HcJ	(kA/m)	 HcJ	(Oe)	

PrFeB		NMX-68CU	 77	K	 1.67	 1240	 15582	 6200	 77911	

PrFeB		NMX-68CU	 295	K	 1.40	 1010	 12692	 1680	 21112	

NdFeB		NMX-S45SH	 150	K	 1.50	 1137	 14288	 4000	 50265	

NdFeB		NMX-S45SH	 293	K	 1.30	 970	 12200	 1671	 21000	
 E.Moog	et	al,	ANL	

C.Benabderrahmane	et	al	



C.	Zhu	/	Stellarator	designs	with	permanent	magnets	06/19/2019	

Initial Finite-Thickness Solution  
Perpendicular only  (C.Zhu) 
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Volume: 2.96 m3 (~24 tons 
~ $1.2M) 
 
Bn residual error: 
3.76E-4 (clipped) 
2.70E-4(whole) 
 
Max thickness ~20cm 
 
With non-perp. elements, 
Landreman has max-
thickness ~13cm 



C.	Zhu	/	Stellarator	designs	with	permanent	magnets	06/19/2019	

Viewing from the outboard. 
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C.	Zhu	/	Stellarator	designs	with	permanent	magnets	06/19/2019	

Free-boundary VMEC shows good approximation. 
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Comparisons of plasma surfaces. Rotational transform profile comparisons. 



•  Improve	fast	parKcle	confinement	(ala	Nemov	or	Henneberg)	
•  Reduce	turbulent	transport	
•  Maximize	β
•  Divertor	design	

•  OpKmize	for	PM	approach	(different	than	coils!)	
-  Reduce	needed			on	plasma	
-  Reduce	elongaKon(?)	

•  Incorporate	guidance	from	Pilot	Plant	studies	

Opportuni,es	for	Configura,on	Improvement	
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We	welcome	sugges,ons	and	contribu,ons,	on	all	aspects	
Lots	of	work	to	come:	
Overall	Mission	and	Expected	Impact	

•  Research	goals,	plan,	and	basis	
-  Design,	heaKng,	confinement,	diagnosKcs	
-  Phased	research	goals/plan	and	milestones	
	

•  Engineering	goals,	plan,	basis	
-  Enough	design	to	be	confident	in	approach	and	risk	control	

•  Cost	esKmate	
																																																																												By	Sept./Oct.	2019	
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Ini,ate	a	Path	to	a	Pilot	Plant
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1.  Near	term	experiment(s)	
•  Test	&	develop	engineering	of	simpler	coils	
•  Test	confinement	&	β	with	low-Z	metal	PFCs	
•  Test	ability	to	design	for	reduced	turbulence	
•  Our	plan	is	to	start	this	with	the		

	permanent	magnet	stellarator	
•  Rapid	deployment	of	design	improvements	

2.  IntegraKon	validaKon	experiment	(TRL	advance)	
-  Integrated	Engineering	
-  Plasma	physics	(i.e.	coils)	&	boundary	(plumbing	&	cooling)	
-  Mainly	DD,	perhaps	trace	T	to	validate	reac1vity?			

3.  Pilot	Plant,	demonstraKon	 
 
    
  


