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Program	Vision	for	Stellarator	
Research	in	the	US	

•  Strategic	goal:	posi;on	the	US	as	a	leader	in	
quasi-symmetric	stellarator	research	
–  Exploit	interna;onal	collabora;ons	to	verify	the	
physics	of	current	op;miza;on	strategies	

– Develop	concepts	based	on	advanced	op;miza;on	for	
high	performance	maintainable	fusion	confinement	

–  Implement	a	select	design	at	the	mid-scale	and	verify	
the	physical	assump;ons	underlying	the	op;miza;ons	

–  Prepare	for	a	major	experimental	ini;a;ve	in	ITER	era	



How	stellarator	research	addresses	
“FES:	A	Ten-Year	Perspec;ve”	

•  The	natural	disrup;on	immunity	of	the	stellarator	directly	addresses		
–  “Elimina;on	of	transient	events	that	can	be	deleterious	to	toroidal	fusion	

plasma	confinement	devices”		
•  Interna;onal	collabora;on	on	the	W7-X	stellarator	in	Germany	

–  “Strengthens	our	partnerships	with	interna;onal	research	facili;es,”	
–  serves	as	a	test-bed	for	development	of	successful	interna;onal	

collabora;on	on	ITER.		
•  Materials	science	as	it	relates	to	plasma	and	fusion	sciences,	another	

cri;cal	research	area,	can	be	carried	out	effec;vely	in	a	stellarator		
–  inherent	steady	state	opera;on	

•  Addi;onally,	significant	advances	along	two	of	the	Research	
Direc;ons	outlined	in	the	report;		
–  “Burning	Plasma	Science:	Founda;ons	-	Next-genera;on	research	

capabili;es”	
–  “Burning	Plasma	Science:	Long	pulse	-	Sustainment	of	Long-Pulse	Plasma	

Equilibria”	



Stellarator	Research	is	an	excellent	
scien;fic	investment	

•  W7-X	collabora;on	is	suppor;ng	34	different	personnel	
–  3	long	term	staff	assignments	during	OP1.2	(~2	years	each)	
–  2	shorter	term	staff	assignments	(during	run	only)	
–  Up	to	15	on-site	personnel	at	one	;me	

•  36	US	authored	papers	Jan	2016-	Jul	2017	
•  Numerous	diagnos;cs	and	major	equipment	provided	and	

operated	
–  X-ray	Imaging	Crystal	Spectrometer	(XICS),	Phase	Contrast	
Imaging	(PCI),	Edge	cameras,	Trim	coils	and	power	supplies,	
Scraper	element,	IR	cameras,	Filter-scopes,	Divertor	Penning	
gauges,	Divertor	Helium	Beam	

•  US	domes;c	stellarator	program	has	trained	many	of	the	
leading	scien;sts	in	the	US	program	



The	current	role	of	stellarators	in	the	
US	program	

•  FES	investment	in	W7-X	
collabora;ons	has	
strengthened	the	US	
stellarator	program	
–  Thank	you	

•  However,	the	stellarator	
is	a	2.3%	frac;on	of	the	
current	US	program	

•  The	2017	Community	
Workshops	iden;fied	the	
quasi-symmetric	
stellarator	as	a	poten;al	
“game-changer”	for	
fusion	
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Stellarator	role	in	the	World	Program	
•  The	stellarator	plays	a	major	role	

in	the	European	Roadmap	
•  Iden;fied	as	solving	many	of	the	

problems	associated	with	MFE	
–  Modern	op;miza;on	strategies	

and	investment	in	facili;es	can	
bring	the	stellarator	to	parity	with	
the	tokamak	in	the	DEMO	;me	
frame	

•  Both	the	German	and	Japanese	
programs	are	roughly	50-50	
tokamak	and	stellarator	

–  Germany	is	considering	a	
stellarator	replacement	for	
ASDEX-U	

•  China	is	impor;ng	H1	from	
Australia,	building	CFQS	in	
Chengdu,	and	planning	a	3rd	
stellarator	in	Hangzhou	

The	European	Roadmap	



STELLCON	report	–	poten;al	US	
stellarator	roadmap	

•  In	order	to	impact	
stellarator	research	
for	the	burning	
plasma	era	we	need	
to	start	now	

•  STELLCON	report	
lays	out	a	coherent	
na;onal	strategy	
for	achieving	this	
goal	
–  Next	step:	Na;onal	
Op;miza;on	
Ini;a;ve	

Gates	et	al.,	JOFE	37	(2018)	51	



Stellarator	op;miza;on	group	formed		
at	UW-Madison	

•  Primary	op;miza;on	team	(STELLOPT)	---	A.	Bader,	J.	Schmim	(Auburn	U.),	B.	
Faber	
–  Four	working	groups:	

•  Turbulence	op;miza;on	(Faber,	Hegna,	Terry,	McKinney)	
•  Coil	Design	(Schmim,	Bader,	Kruger)	
•  Energe;c	Par;cles	(Bader,	Schilling)	
•  Edge	and	Divertor	(Schmitz,	Bader,	Frerichs)	

•  Weekly	group	mee;ngs	---	dedicated	website	(archived	presenta;ons,	
configura;on	repository,	codes,	…)	
–  Broad	UW	representa;on	including:		Anderson,	Talmadge,	Hegna,	Fonck,	

Forest,	Sarff,	Schmitz,	Terry	
•  Strong	collabora;on	with	world	stellarator	theory	program	

–  Op;miza;on	[STELLOPT	(PPPL),…]	
–  Coils	[REGCOIL(Md),	FOCUS	(PPPL),…]	
–  Turbulence	[GENE(IPP),	U.	Texas-Aus;n,	NIFS,…]	
	



Stellarator	Op;miza;on	group	formed	
using	PPPL	LDRD	

•  Team	consists	of:	
–  STELLOPT	development:	S.	Lazerson,	J.	Breslau,	M.	Landreman	
(U.	Maryland),	J.	Schmim	(Auburn),	B.	Faber	(UW-Madison)	

–  Equilibrium	database:	P.	Porazik,	C.	Zhu	
–  Coils:	C.	Zhu,	J.	Breslau,	J.	Schmim	(Auburn),	N.	Pomphrey	(ret.)	
–  Fast	par;cle	op;miza;on:	S.	Lazerson	
–  Divertor	op;miza;on:	O.	Schmitz	(UW-Madison)	
–  Turbulent	transport	op;miza;on:	H.	Mynick	(ret.)	

•  Monthly	team	mee;ngs	to	discuss	progress	
•  Ini;al	focus	on	developing	a	database	of	2	period	and	3	

period	QA	plasmas	with	simplified	coils	
•  Support	other	US	STELLOPT	users	(UW)	as	required	



New	ideas	in	turbulent	transport	op;miza;on	
mo;vate	op;miza;on	ini;a;ve	

•  Significant	progress	in	understand	ITG	turbulent	satura;on	physics	
[Hegna,	et	al	PoP	‘18]	à	theory	iden;fies	metrics	for	use	in	turb.	
op;miza;on.	

Nonlinear	GENE	simulaDons	
are	consistent	w/	theory		
	

	
Iden;fy	
op;miza;on	
metrics	

Employ	in	op;miza;on	
procedure	using	
STELLOPT	and	
generate	“improved”	
configura;on”	

Assess	turbulent	
proper;es	of	new	
configura;on	with	
nonlinear	GENE	
simula;ons	

Refine	model	to	
improve	
predic;ve	power	



Improved	coil	design	techniques	can	improve	
the	stellarator	concept	

•  Recent	improvements	to	coil	design	are	implemented	----	REGCOIL,	FOCUS	
	

REGCOIL/STELLOPT	used	to	opDmize	winding	surface[SchmiT,	Landreman,	Bader]	

	

Ini;al	winding	surface	is	a	
uniform	distance	from	LCFS	

OpDmized	surface	opens	up	space	
for	flexible	divertor	soluDons	

ReconstrucDons	
show	MagneDc	
Spectrum	has	QHS	



Stellarator	op;miza;on	group	is	poised	to		
substan;ally	expand	ac;vi;es	

•  Dedicated	op;miza;on	funds	at	UW	($236k/year)	and	PPPL	LDRD	funds	
($360k/year)	are	insufficient	to	fully	pursue	this	exci;ng	ac;vity	

–  High	level	of	enthusiasm	amongst	the	fusion	community		
–  High	level	of	collabora;on	within	na;onal	stellarator	program	

•  Number	of	exci;ng	research	opportuni;es:	
–  Turbulence		---		develop	and	refine	turbulence	metrics,	employ	turbulence	suppression	

in	op;miza;on,	test	against	GENE	simula;ons,	…	
–  Energe;c	ion	---	Is	QS	sufficient?	test	energe;c	ion	metrics	(Nemov),	quan;fy	

improvement	with	bemer	coil	solu;ons	
–  Divertor/edge	---	novel	divertor	possibili;es,		assess	advantages	of	improved	coil	

designs,	develop	metrics	for	op;miza;on	
–  Coils	---	take	advantages	of	advances	in	coil	design	
–  MHD	---	consistency	of	good	ballooning	stability	proper;es	with	self-consistent	

bootstrap	and	excellent	confinement	
–  Expansion	of	STELLOPT	code	capabili;es	

•  We	can	make	substan;al	progress	on	all	of	these	areas	with	up;ck	in	
resources	
à	Cri;cal	effort	needed	to	access	scope	of	proposed	experimental	facility	

	



Proposal:	Na;onal	Op;miza;on	Ini;a;ve	
•  Funding	at	the	level	of	~$2.5M/year	

–  $1.25M	managed	by	PPPL,	$1.25M	managed	by	UW-Madison	(operate	as	a	
na;onal	team)	

–  UW	to	focus	on	needs	of	near	term	midscale	facility	with	a	focus	on	divertor	
design	and	turbulent	transport	

–  PPPL	to	develop	database	of	equilibria	and	iden;fy	amrac;ve	high-beta	
poten;al	reactor	configura;ons	

•  In	addi;on	to	neoclassical	transport	and	MHD	stability,	focus	on	the	four	
topics	iden;fied	in	STELLCON:	
–  Coil	simplifica;on	
–  Integrated	divertor	design	
–  Fast	par;cle	op;miza;on	
–  Turbulent	transport	op;miza;on	

•  Goal	is	posi;on	the	US	as	a	leader	in	quasi-symmetric	stellarator	research	
–  Developing	improved	configura;on	is	the	next	step	towards	this	goal	



W7-X	“OP1.2”	Campaign:	A	One-Year	
Window	of	Opportunity	for	Large	Advances	

in	3D	Physics	Understanding	
Major	ScienDfic	Topics	
•  OpDmizaDon	of	confinement	in	W7-X	ion-regime.	

–  High	density;	strong	ion-electron	coupling	
–  Hea;ng,	fueling,	density	limit	

•  Confinement	and	core	transport	
–  Anomalous	versus	neoclassical	transport	
–  Role	of	radial	electric	field	
–  Impurity	transport	

•  Qualifying	the	island	divertor	as	steady	state	exhaust	concept	
–  Detachment	and	control	
–  Scraper	element	campaign	
–  Model	valida;on	

•  Scenarios	(with	a	view	to	steady-state	in	OP2)	
–  High	density	hea;ng	with	ECH	
–  Ion	hea;ng	&	energe;c	ion	genera;on	(NBI,	ICRF)	



Possible	W7-X	Enhancements	
•  The	following	slides	list	proposals	for	
enhancements	to	exis;ng	collabora;ons	of	W7-X	

•  The	rela;ve	priori;es	of	these	specific	
enhancements	to	W7-X	have	not	yet	been	vemed	
by	the	collaborators	
– We	have	done	this	in	the	past	and	we	will	do	it	again	
on	the	near	future	

•  Priori;es	so	far	
1.  Op;miza;on	Ini;a;ve	
2.  Pellet	project	
3.  Addi;onal	W7-X	enhancements	



Phase	Contrast	Imaging	on	W-7X 
Miklos	Porkolab,	PI,	MIT	PSFC	

Eric	Edlund,	SUNY	Cortland,	Key	Collaborator	

Major	Milestones	from	years	1-3:	
•  PCI	design	completed	in	2016	
•  Hardware	installa;on	began	in	

January	2017	
•  Installa;on	completed	August	

2017	in	;me	for	OP1.2a	
•  PCI	diagnos;c	ran	throughout	the	

OP1.2a	campaign	
•  An	upgrade	to	a	2-detector	

system	is	underway	
•  Improvements	to	op;cs	for	

bemer	performance	in	OP1.2b	

Possible	program	extensions:	
•  Upgrade	to	a	combined	PCI-

Interferometer	system	for	$65k	
(similar	to	recent	DIII-D	upgrade)	
that	would	extend	measurements	
to	the		ITG	range	(k<	2.0	cm-1)	

•  Addi;onal	funding	for	student	
involvement	from	SUNY	Cortland	
and	MIT	

Alfvén	waves	
observed	
during	pellet	
injec;on.	
Red	trace	is	
the	Alfvén	
frequency,	
based	on	
mean	
density.	



Gas-Puff Imaging (and fast camera exps.) on W7-X


Funded 2016-2018 to provide fast camera for operation in OP 
1.2 & to provide design for (OP 2) GPI diagnostic:





-  Installed & operated fast-framing camera for OP1.2a, operation 

will continue for OP 1.2b

-  Identified quasi-coherent fluctuation in divertor emission and 

evidence for change in edge-fueling efficiency for ne>4x1019 m-3


-  Will be presenting these fast-camera results at the international 
PSI meeting (June 2108)


-  Submitted exp. proposal for additional OP 1.2b edge turbulence 
experiments


-  Identified ports for GPI installation for OP 2 (1 port for gas puff, 
one port for observing the puff)


-  Designed gas injection system, including 1st-time use of de Laval 
nozzle for GPI


-  Modeled with finite-element code the gas flow thru 2m–long 
capillary and out of nozzle


-  Designed re-entrant viewing tube (water-cooled with shutter)

-  Designed optics to bring image to coherent fiber-optic bundle 

outside of cryostat

-  Modeled this GPI design on W7-X using neutrals code DEGAS 2 

& validated DEGAS 2 results using C-Mod GPI results

-  Conceptual Design Review for GPI planned for this summer


Budget: 2019-2021 funding just approved 
at $741k ($247k per year funds 1 grad student & 
1 FTE junior scientist)

-  Enough to continue operation of fast camera 

thru OP 1.2b & to proceed through Final 
Design Review of GPI for OP 2


-  However, this is a significant shortfall from the 
$1.45M requested for procuring (~$100k), 
testing, installing, and operating GPI. 
Supplemental funding of an additional $200k 
per year is needed for timely hardware 
procurement and on-site placement of a 
post-doc for GPI installation & operation, 
both of which we consider to be essential for 
the fruition of this project
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Successful first demonstration and characterization of radiative 
edge cooling including the intrinsic C source was accomplished 

Procurement: three Wisconsin in-situ Penning (WISP) gauges have been 
implemented, four new spectrometers are in use now at helium beam 

Key diagnostic: divertor thermal helium beam 
was made available as standard diagnostic 

Divertor heat flux control by impurity 
seeding was accomplished 

First time ne(r) and Te(r) profiles in upper and lower divertor 

Helium Beam observation 
system implemented by 
IPP and UW Madison 

Promising progress to 
demonstrate and 

thoroughly characterize 
an optimization scheme 
for the island divertor  
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Targeted opportunities to boost demonstration and 
understanding of divertor protection by radiative edge cooling 

(4) Enhance edge bolometer to improve 
radiative edge measurements 

Dr. Tullio Barbui is headquartered on-site and is the local RO for the Helium Beam system, only 
fractional funding was included in renewal proposal  

(1) Complete funding for on-site assistant scientist (RO of Helium beam) 

Funding need: 120kUSD, needed for only one year 

Joint project with IPP, increases poloidal 
resolution of edge bolometer to measure 
high-resolution edge radiation structures 
Funding need: 120kUSD 

Goal: double line of sights 
for maximal spatial 
resolution 

(2) Complete DoE funded edge 
spectroscopy setup for HeBeam 
Add high spectral resolution spectrometer 
to edge spectroscopy system used for 
HeBeam observation, leverages IPP 
investment into expensive cameras 
Funding need: 55kUSD 

(3) Implement upstream helium beam 
for ne(r) and Te(r) measurements 
Joint project with IPP, enables consistent 
link between divertor plasma and LCFS 
for the first time, essential + first time  
measurement for divertor characterization 
Funding need: 95kUSD 



•	AU	acDviDes	span	broad	range:	Equilibrium	reconstrucDon	and	bootstrap	
current	evoluDon;	XICS	and	ion	transport,	edge	flow	measurements	with	CIS	
New	collabora;on	established	between	Auburn	University	and	IPP	to	construct	and	op;mize	two	
coherence	imaging	instruments.	Successfully	developed	for	OP1.2a,b.	
	
	
	
	

	
	
	
	

	

Successful	implementa;on	of	CIS	diagnos;c	
on	W7-X	and	new	AU	opportuni;es	

by Dr. Mark Cianciosa and Dr. Steven Hirshman of ORNL), work will begin in earnest to use it
for W7-X plasma equilibrium reconstruction. Validation, verification, and convergence studies of
V3FIT / SIESTA will be pursued expeditiously, with the goal of having a robust 3D equilibrium
reconstruction capability available for W7-X diverter operations during OP 1.2 or OP 2.0. We
anticipate that initial use of the BMW code and later development of full 3D equilibrium recon-
struction with islands will allow the important physics issue of the coupling and stability of the 3D
edge plasma and its transport to be successfully addressed for OP 1.2.

Task 4: Full shot reconstructions and output coupled to EMC3-Eirene for OP 1.2: The
goal of this final task is to have in place all of the elements to enable full shot 3D equilibrium recon-
struction of W7-X. This includes having a working interface for passing magnetic field information
to EMC3-Eirene to aid in understanding of 3D equilibrium e↵ects on edge island divertor transport
as described. This will entail incorporation of the OP 1.2 diagnostic suite into V3FIT for TDU
operations. A preliminary example of a full-shot reconstruction of the plasma pressure and current
density profile of a 10-second OP 1.2A plasma is shown in Figure 8. The pressure profile is fairly
constant during the entire pulse, whereas the current density profile is evolving, demonstrating the
relaxation of the ‘shielding currents’ that decay on a ⌧L/R ⇡ 5 � 10 sec timescale leaving behind
only the bootstrap current density.

Figure 8: Preliminary full-shot reconstruction of a 10 second pulse in the OP 1.2A campaign. The
pressure profile is shown on the left, and the current density profile is shown in the middle and
right figures. Magnetic diagnostics, Thomson Scattering and the divertor location were all used
as constraints during the reconstruction of these profiles.

We plan to also include considerations of the e↵ects of eddy currents in the vacuum vessel, cryo-
stat and other conducting structure in W7-X on the magnetic diagnostic signal responses. An
in-situ helical copper coil (“copper plasma”) calibration was partially completed prior to OP 1.2A.
A conductor was placed along the trajectory of the magnetic axis of the ’standard’ configuration
of W7-X. The conductor was injected with both steady-state and alternating currents at several
frequencies and the magnetic diagnostic responses were measured but they have not yet been an-
alyzed due to limited time/resources. We plan to repeat the controlled eddy-current excitation
experiments with the conductor located at multiple varying radial and vertical positions sometime
after OP 1.2A. The analysis of this “copper plasma” will allow for fine tuning of the magnetic
diagnostic models used by V3FIT and should also enable better determination of eddy current
e↵ects on the reconstructions during periods when the equilibrium is significantly evolving.
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5–7 keV, central ion temperatures of 1.5–2.2 keV, and central
densities in the range of 2–4! 1019 m"3 (see Ref. 16). In
previous stellarator experiments, this set of conditions, with
centrally peaked electron temperature profiles and Te# Ti, is
associated with the development of a positive radial electric
field and a region of reduced heat transport in the plasma
core.17 These conditions, described as core electron root con-
finement (CERC), have been observed on W7-X as reported
in Ref. 18.

In general, stellarator neoclassical particle fluxes may
lead to multiple ambipolar solutions for Er in which the elec-
tron and ion fluxes become equal. For geometries similar to
W7-X, the ambipolarity requirement can lead to the exis-
tence of three solutions: the electron-root (typically resulting
in a positive radial electric field), the ion-root (typically a
negative radial electric field), and the unstable-root (typically
a small positive solution). For a given radial location and
depending on the plasma profiles, only one of the electron or
ion root solutions may exist or all three solutions may exist
simultaneously. A detailed discussion of the neoclassical
ambipolar Er solutions can be found in Ref. 17.

The conditions of a positive core radial electric field are
particularly well suited for validation of neoclassical calcula-
tions against experimental measurements and also for exami-
nation of the validity of the assumptions and simplifications
used in various neoclassical codes. Some of the specific
assumptions used in neoclassical calculations, such as the
handling of magnetic drifts and finite orbit effects, have the
largest effect near the Er¼ 0 crossover. Other assumptions,
such as the use of an incompressible E!B approximation in
DKES, are expected to have a negligible contribution around
Er¼ 0 and instead have the largest impact at large values of
Er. Experimental examination of plasmas with an Er cross-
over therefore provides important benchmark cases.

A plasma program was developed for the W7-X OP1.1
campaign to examine the effect of the input power on the
radial electric field.19 The program consists of three distinct
steps of injected ECRH power (2.0 MW, 0.6 MW, and
1.3 MW) in a plasma with a nearly constant central density.
The time history of this discharge can be seen in Fig. 2, and
temperature and density profiles at the three different power
steps are shown in Fig. 3. Additional details on these CERC
discharges can be found in Ref. 19.

The Er profiles in Fig. 4, which are inferred from the
XICS measurements, show that all power phases of the pro-
gram have an electron-root solution in the core of the
plasma. However, the magnitude and radial extent of the
core positive Er changes between the high and low power
phases; the positive Er region shrinks by about 30% in minor
radius when the power is reduced, with a corresponding
decrease in magnitude.

The evolution of Er can be seen by looking at the change
over time of the line integrated velocity measurements. In
Fig. 2, the line integrated velocity of each XICS sightline is
shown relative to its value in the low power phase. As soon
as the injected power is stepped up or down, both the flow
velocity and the electron temperature begin to change.
Within the time resolution of the XICS measurements used
for this analysis, 30 ms, the electron temperature and velocity

appear to change simultaneously, which is consistent with
the neoclassical understanding of Er. The time for equilibra-
tion, for both the flow velocity and the electron temperature,
is approximately 100 ms. This value is consistent with mea-
surements of the global confinement time found from the
total stored energy and input power and reported previously
in Refs. 12 and 20.

IV. COMPARISON TO NEOCLASSICAL
CALCULATIONS

Several neoclassical codes are available that can calcu-
late the radial electric field based on measured plasma pro-
files through the enforcement of ambipolarity of the
particle fluxes. Three of these codes, DKES,5,6

SFINCS,21 and
FORTEC-3D,22,23 have been run for the program shown in
Fig. 2. Each of these codes takes different approaches and
makes different assumptions while solving the drift kinetic
equations. DKES solves the 3 D linearized drift-kinetic
Fokker-Planck equations utilizing a pitch-angle scattering
operator and neglecting the effect of magnetic drifts. SFINCS

solves a set of local 4 D drift-kinetic equations with the full
linearized Folker-Planck operator and includes the effects
of compressible E!B drift and momentum conservation.
Finally, FORTEC-3D utilizes a 5 D Monte Carlo solution and
includes radial coupling and non-local effects due to the
finite radial drift motions. A thorough discussion on the dif-
ferences between these models and their assumptions can
be found in Ref. 21.

FIG. 2. Time history of the heating power, temperature, and density of pro-
gram 20160309.010 along with the dynamic evolution of the line integrated
plasma flow as measured by XICS. Purple and yellow lines represent views
above and below the magnetic axis, respectively (see Fig. 1). For clarity, the
change in line integrated velocity seen in individual XICS sightlines is
shown relative to the value averaged between 600 and 700 ms. While this
plotting choice is primarily cosmetic, it captures the overall trend of the core
rotation becoming smaller with reduced input power (see profile in Fig. 3).
The sightline labels correspond to the minimum flux surface that the outer-
most sightlines pass though (equivalent to the tangential surface).

022508-3 Pablant et al. Phys. Plasmas 25, 022508 (2018)

Equilibrium	modeling	 Core	spectroscopy	 Edge	spectroscopy	



•	Coherence	imaging	system	to	measure	Ti		
	--	List	components	65k$	
	--Recondi;on	high	resolu;on	McPherson	209	
	spectrometer	45k$	
	--	High	resolu;on	fiber	op;c	bundle	75k$	

Use	CTH	as	test	bed	for	similar	edge	plasma	parameters	
To	have	diagnos;c	fully	func;onal	for	OP	2	
	
•	AddiDonal	non-hardware		

	--	Fully	fund	J.	Schmim	12k$/year	
	--	Travel	funds	20k$	
	--	Full	12	months	for	2	students	28k$/student-year	

		
	

Successful	implementa;on	of	CIS	diagnos;c	
on	W7-X	and	new	AU	opportuni;es	
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W7-X:  Focus on fast particles        2019-2021 
•  Wurden’s present Change-of-Station assignment ends Nov. 2018. Level 

funding of only $300k/year (since 2011) will force him to cut-back to ½ 
time status on W7-X. 
–  New Scraper Element observation system is installed, and will be operational 

for OP1.2b. Data analysis will extend into 2019 
–  Analysis work in multiple arenas: Identification of low-frequency breathing 

mode, reference shots for detecting coatings on divertor structures. 

•  For OP2, a $400k/year plus-up would enable 1 FTE work on new 
approaches to detecting both confined and lost fast particles on W7-X, 
associated with NBI and deuterium operation 
–  Scintillating Fiber 14 MeV neutron detectors (LANL SciFi gear from Japan) will 

be improved for lower count rates on W7-X, and tested at ASDEX-U. New 
collaboration with E3 (with Robert Wolf) and LHD, while mentoring a German 
graduate student. Used for measuring triton burnup during DD operation. 

–  Water-cooled modifications for scraper endoscope to enable use in OP2.0 for 
detecting localized hot spots caused by NBI trapped ion losses on the wall 
baffle plates and armor. 

–  Providing assistance in building primary machine protection viewing systems:  
testing, and calibrating them before OP2.0 begins (with Joris Fellinger). 



Prototype	W7-X	Fast	Ion	Loss	Detector	
Development	Underway	

•  Prototype	sensor	specified	
•  Reynard	and	Acree	both	

iden;fied	as	vendors	
•  Prototype	graphite	;le	to	

be	machined	in-house	
•  Tes;ng	facility	iden;fied	

(Texas	A&M	Ion	Beam	Lab)	
•  Diagnos;c	tes;ng	to	begin	

in	early	Fall	2018	
•  Incremental:	$400k	in	

FY19		to	implement	
detector	array	on	W7-X	
for	OP2.0	

Al conductor on Al2O3 
Vacuum vapor deposited 

Embedded chip 
holder in machined 
graphite tile 



Boron	powder	dispenser	being	developed	for	W7-X	(OP1.2b)	

•  Boron	powder	injector	enables	
steady	state	wall	condi;oning	–	
crucial	for	long	pulse	opera;on	

•  Test	injector	to	be	probe	
mounted	(mul;-purpose	
manipulator	

•  If	test	is	successful,	permanent	
system	will	use	gravity	feed	
from	machine	top	

•  Will	need	5	injectors	for	
permanent	system	

•  Incremental:	$350k	in	FY18	or	
19	for	construcDon	and	
installaDon	of	permanent	
system.	200k/yr	for	edge	
physics	post-doc	

Probe-Mounted Powder Injector (PMPI) 

Spinning paddle wheel injects boron 



Numerous	opportuni;es	for	LHD	collabora;on	
have	been	iden;fied	for	the	W7-X	break	

•  Install	powder	dropper	(new	post-doc)	
•  Edge	Thomson	measurements	(Diallo,	NSTX-U	loan)	
•  Real-;me	Thomson	electronics	(Kolemen,	NSTX-U	Loan)	
•  Reinstall	LHD	XICS	diagnos;c	(Pablant	and	LHD	scien;st)	
•  Compara;ve	transport	experiments	with	W7-X	(both	

thermal	and	impurity)	–	organized	by	the	CWGM	
(stellarator	ITPA)	

•  Op;miza;on	collabora;ons	(Gates,	Suzuki)	

•  Incremental:	~$200k/yr	



HSX	Program	Going	Forward	
Program	Role:	Conducts	innova;ve	research	to	advance	stellarator	op;miza;on,	
collaborates	with	long-pulse	stellarators,	and	addresses	cri;cal	issues	as	defined	in	the	
STELLCON	report	
DirecDons:	
•  Vary	3D	shaping	to	influence	turbulence	satura;on	and	heat	flux;	GENE	comparisons	
•  Implemen;ng	turbulence	diagnos;cs	(previously	funded);	CECE,	µ-wave	scamering	
•  Using	a	neutral	beam	to	examine	energe;c	ion	confinement	with	magne;c	structure	
•  Time	evolu;on	of	Er	and	flows;	dependency	on	magne;c	topology	
•  Measure	impurity	diffusion/convec;on	using	laser	blow-off	techniques	
•  Increased	emphasis	on	He	plasmas	to	reduce	ion	charge-exchange	losses	

InternaDonal	collaboraDons	key	element	of	the	HSX	program:	
•  Working	with	Olaf	Grulke	to	set	up	compara;ve	turbulence	measurements	between	W7-X	

and	HSX;	GENE	collabora;ons	to	understand	possible	turbulence	reduc;ons	(IPP	and	PPPL)	
•  Gavin	Weir	on	reflectometry	measurements	on	W7-X;	HSX	student	par;cipa;ng	
•  Edi	Sanchez	(CIEMAT)	on	EUTERPE/GENE	comparisons;	zonal	flow	oscilla;ons	and	decay	

with/without	symmetry;	determine	appropriate	condi;ons	to	conduct	experiment	
•  S.	Oshima	to	measure	zonal	flows	in	HSX	
•  N.	Tamura	(LHD/STRAHL	code),	B.	Geiger	(IPP)	impurity	blow-off	and	transport	modeling	



HSX	Budget	Scenarios/Needs	
Present	Budget:	$1809k	[	$120k	to	UCLA,	$236k	to	Op;miza;on,	$1453k	to	HSX]	
(assume	flat	funding	based	on	President’s	FY2019	request	for	Long	Pulse	Compact	Stellarator	at	$2500k)	

HSX	is	up	for	renewal	on	4/1/2019	

PrioriDzed	Increment:	 	FY	2018 	 	FY	2019 	 	FY	2020	
	Engineering	Tech 		150k 	 				150k																									150k	
	Collab.	Costs	 				30k																															30k																											30k	
	Turb.	Postdoc 		120k 	 					120k 	 			120k	
	 	 	$300k 	 			$300k 	 			$300k	

Greatly	increased	producDvity,	machine	availability;	expanded	collaboraDons	on	turbulence	
	

20%	Decrement	(flat-funding	for	domesDc)	
	-	Reduc;on	in	unallocated	Interna;onal	stellarator	funds	for	FY20	

If	even	more	funds	are	available	(beyond	the	requests	from	NSCC):	
Long-term	needs	for	DOE	planning	(significant	upgrades):		New	opera;ng	regimes	and	access	
to	new	physics	available	with	upgraded	ECRH	system	(53-60	GHz,	300ms,	500	kW)	

	-	Double	electron	density	to	2	x	1013;	increased	power	
	-	Increased	electron/ion	coupling;	warmer	ions	
	-	Longer	pulse	for	flow	evolu;on/bootstrap	current	studies	

Power	supply 	700k	
Gyrotron 	 	400k	
Magnet 	 	250k	
X-mission/ctrl 	200k	
	

Could	be	staged	over	3	year	
procurement/installa;on	

HSX	can	con;nue	vital	
contribu;ons	to	the	worldwide	
program	at	present	levels,	and	

even	more	with	modest	
increases	



•	Fast	track	exploraDon	of	non-resonant	divertor	
physics	behavior	with				changing	magneDc	
configuraDon	
--	Use	flexible	CTH	magnet	system	to	experimentally	test	
posi;onal	robustness	of	non-				resonant	divertor	strike	
points	and	heat/par;cle	fluxes		
--	Ohmic	opera;on	allows	high	density	regimes	not	
accessible	in	tradi;onal	stellarators	

Compact	Toroidal	Hybrid	Opportuni;es	

Non-resonant	divertor	study	hardware	and	
instrumenta;on	75k$	
Post	doc	125k$/year	

3. Minimal curvature for resilience

Previous results from HSX [9] and W7-X [17] indicated that
the magnetic surface curvature was strongly correlated to the

locations where field lines, and hence plasma, exit the LCFS.
In these configurations the target surfaces were generated by
uniform displacements of the LCFS. In these scenarios,
regions with high principal curvature of the LCFS are well
correlated to regions of high principal curvature of the target
surfaces. It was proposed that the first principal curvature was
a good metric to locate the regions of escaping plasma flux.

Evaluating the curvature of the LCFS of these config-
urations requires some finesse. In general, the curvature of the
surface has two contributing factors, curvature from the
poloidal shape of the surface, and curvature that arises from
the toroidal geometry. A perfect torus has Gaussian curvature
that is negative on the inside half and positive on the outside
half. At the top and bottom of a perfect torus the Gaussian
curvature is zero. Because the poloidal shaping in the con-
figurations that will be presented in this section is so weak,
the Gaussian curvature does not deviate much from the per-
fect torus, and does not provide a useful metric for analysis.
However, the mean curvature, H, does provide a proper
metric as it is maximal at the tops and bottoms of the con-
figurations, where the poloidal shaping is the strongest.

It is also possible to normalize the curvature by multi-
plying by the local value of the minor radius in order to
provide a comparison between configurations of different
sizes. The minor radius is used because we are interested
primarily in the curvature from the poloidal shaping. For the
vacuum CTH equilibrium, examined in section 2, with
a=21 cm at the region of highest curvature, the normalized
curvature is =∣ ∣H a 3.19. This is a significantly smaller value
than either the HSX or W7-X equilibrium with normalized
curvatures of 16.28 and 21.20 respectively. Nevertheless,
CTH still displays the same resilient properties as those other
more shaped equilibria.

It is desirable to find the limit at which configurations no
longer display resilient behavior. Obviously such a limit must
exist, because a perfectly axisymmetric system cannot have
any toroidal localization of the magnetic field strike points. In
the following, we outline a method for deducing the minimum
value of curvature that results in a resilient edge. We begin
with an axisymmetric configuration created by prescribing an
equilibrium with no current in the helical coil. The equili-
brium is axisymmetric except for the toroidal ripple produced
by the finite number of toroidal coils. To reduce the toroidal
ripple, additional uniformly spaced toroidal field coils were
added to the standard CTH coil set (see figure 1). The addi-
tional coils bring the total number of toroidal field coils in our
calculation to 40.

Then we add current into the helical coil and reduce the
plasma current by the appropriate amount to keep the equili-
brium centered in the vessel. This adds 3D shaping to the plasma
and eventually the configuration only differs from the equili-
brium studied in section 2 by the current in the toroidal field
coils. The VMEC calculated boundary surfaces for the five
configurations discussed in this section are shown in figure 7.

Figures 8 and 9 show the strike points for a scan of the
curvature effectuated by gradually increasing the helical
current. Figure 8 shows the results of calculations using the
field line diffusion coefficient, D=0.5 m2 s−1 also used in

Figure 5. Gaussian curvature, K, for the configuration with no
plasma current (top) and for the configuration with 10 kA of plasma
current (bottom).

Figure 6. Example of the divertor location on the wall of CTH. One
period of the CTH vessel is shown in orange. The strike points for
the zero-current simulation are shown in black. Approximate
locations for divertor plates are shown with blue lines.

5

Plasma Phys. Control. Fusion 60 (2018) 054003 A Bader et al

0 kA strike points. For the 10 kA case, it was found that 7.8%
of points lay outside the area covered by the 0 kA strike
points. Downsampling down to 10 000 points changes the
numbers to 2.3% and 8.4% for the 5 and 10 kA cases
respectively.

The contour plots on figure 4 represent the Gaussian and
mean curvatures. A brief aside is necessary to describe what
these terms mean. Consider a two dimensional surface in
three dimensional space. Consider a point, x0 on that surface
and a normal vector

G
n0 at that point. Let SP be the set of all

planes P that include the vector
G
n0 normal to the surface. Each

of these planes intersect the surface on a curve, C, that
includes the point x0. For each C calculate the curvature, κ as
the inverse of the radius of the osculating circle, i.e. κ=1/R,
and let Sκ be the set of all such curvatures, κ. For this calc-
ulation we choose the convention that κ>0 denotes a curve
that is locally convex when viewed from the magnetic axis of
the plasma and κ<0 denotes a curve that is locally concave.
Let P1 be the maximum κ for all κ in Sκ and let P2 be the
minimum for all κ in Sκ. These are the first and second
principal curvatures respectively evaluated at the point x0.
The Gaussian curvature, K, is represented as the product of
the two principal curvatures, P1×P2, and the mean curva-
ture, H, represents the mean value of the the two principal
curvatures, (P1+P2)/2. An example of how the calculation
is carried out in practice is given in [9].

The curvatures are calculated at the LCFS for the case
without any plasma current. In order to relate the curvature at
the LCFS to a point on the wall it is necessary to develop a
convention for how the poloidal angle is parametrized. For the
above comparison, we choose a parametrization where for any
angle ζ, θ=0 always appears on the outboard side at z=0,
evaluated as the line of symmetry at ζ=0. The poloidal angle
at any point, x along the surface is given by 2πLx/P, where P is
the length of the perimeter of the surface, and Lx is the length
from the outboard midplane to the point x. Because CTH

plasmas are not as highly shaped as either HSX or W7-X, this
method provides a sensible approach. Nevertheless, in the
regions of high shaping, such as ζ=0, some deviation is
expected. The same method is applied to determine the point
on the wall. However, because the wall is circular, the calc-
ulation is identical to q = -- ( ( ))Z R Rtan 1

0 .
In both cases the strike points align with regions of high

curvature. However, the mean curvature calculation shows
two separate regions of high curvature, whereas the Gaussian
curvature only has one region of high positive curvature.
Positive Gaussian curvature indicates that both principal
curvatures have the same sign and the surface is fully convex
or fully concave at that point. However, in the specific case of
CTH geometry, there are no fully concave sections. Negative
Gaussian curvature indicates that the principal curvatures are
oppositely signed and the surface has a P2<0, indicating
that it is concave. Only in the fully convex regions where the
Gaussian curvature is positive, is there high strike point
concentration.

The addition of plasma current alters the shape of the
LCFS, but does not significantly alter the positions where the
Gaussian curvature, or any other curvature metric, has max-
imal values. The Gaussian curvature for the configuration
with no current and the configuration with 10 kA are shown
in figure 5.

Designing a proper divertor for CTH is beyond the scope
of this paper. Yet, it is possible to determine roughly where
such a divertor should be placed. The analysis is similar to the
early designs of W7-X before the island divertor design was
determined [17]. Figure 6 provides the vessel of CTH along
with the approximate locations of where divertor plates could
be placed. Also plotted are the strike locations for the zero-
current simulation on the divertor wall. Additional work
would need to be done in order to determine the actual shape
of the plates along with the location of pumps and additional
structures.

Figure 4. Field line strike locations on the target vessel for three varying currents, 0 kA (black), 5 kA (green), and 10 kA (blue). Strike points
are calculated in both the forward and reverse directions assuming D= 0.5 m2 s−1. The background contour plot in (a) represents the mean
curvature, and the background contour plot in (b) represents the Gaussian curvature. In both cases the curvature is calculated on the LCFS for
the 0 kA configuration.
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Theory/Computa;on	plays	a	founda;onal	role	in	
advancing	the	stellarator	

•  The	stellarator	program	relies	on	advances	
from	the	theory	and	computa;on	community	
–  Strongly	supported	theory	program	required	to	

understand,	interpret	and	guide	experimental	
ac;vi;es	

–  Theory	community	provides	breakthroughs	that	can	
be	implemented	in	design	ac;vi;es	

•  Investment	in	the	theory	and	computa;on	
necessary	to	advance	the	stellarator	concept	
–  Spectrum	of	topics	require	amen;on	(as	iden;fied	in	

STELLCON	report)		
–  Advances	from	theory	program	drive		

	re-invigorated	stellarator	op;miza;on		
	ac;vity	

n	=	1,	n	=	2	TAE	acDvity	
on	LHD	predicted	

FIG. 3. Poincar!e plots for different configurations at several toroidal angles during a relaxation. The rapidly growing island at q¼ 1 and the plasma core being
driven into a resistive reconnection layer on the other side of the q¼ 1 surface can be seen. While the flux surfaces are helically distorted for non-axisymmetric
configurations, the direction of displacement of the core has a n¼ 1 toroidal variation in all cases.

092513-5 Roberds et al. Phys. Plasmas 23, 092513 (2016)

NIMROD	simulaDons		
of	CTH	plasmas	



Theory	and	computa;on	innova;ons	are	emerging	

Theory	for	ITG	turbulent	saturaDon	
idenDfies	opDmizaDon	metrics	

FOCUS	provides	coils	
w/o	winding	surface	

OpDmizaDon	schemes	from	industry	can	
be	used	to	benefit	stellarators	

•  Turbulence	op;miza;on		
–  Turbulent	satura;on	physics	may	be	the	key	

•  Advances	in	coil	design	
–  FOCUS,	REGCOIL	beginning	to	be	exercised	

•  Improving	op;miza;on	schemes	
–  Adjoint	methods	for	op;miza;on	

•  Edge/divertor	physics	
–  Mathema;cs	of	B	fields	in	edge	region	
–  New	divertor	concepts		 Non-resonant	divertor	

requirements	quanDfied	



Stellarator	design	benefits	from		
new	stellarator	simula;on	tools	

•  New	era	in	turbulent	transport	op;miza;on	in	stellarators	---	
advances	in	analy;c	theory,	gyrokine;c	tools	

•  Numerous	applica;ons	for	extended	MHD	tools	---	genera;on	of	
3D	equilibrium,	consequences	of	breaching	instability	boundaries,	
disrup;on	avoidance	

•  Energe;c	par;cles	---	energe;c	ion	confinement	remains	an	
unresolved	issue	in	stellarators,	AE	ac;vity	in	3D	

•  Impurity	confinement	---	can	QS	op;miza;on	alone	be	used	to	
prevent	impurity	accumula;on?	

•  3D	MHD	equilibrium	---	theore;cal	founda;ons	of	3D	equilibria,	
mixed	topology,	island	healing	physics	

•  Edge/divertor	physics	---	reduced	models	for	use	in	op;miza;on,	
development	of	new	3D	edge	physics	code	

•  Incremental	request:	$500k/year	(relaDve	prioriDzaDon	is	TBD)	



Scenarios	FY18	(incrementals)	
•  Scenario	1:	

–  $2M	Pellet	project	funded	from	reserves/hold	back	
–  $5M	dollars	of	the	FY18	increase	for	long	pulse	is	
allocated	to	stellarators	

•  Scenario	2:	
–  Same	as	scenario	1	

•  Scenario	3:	
–  $2M	Pellet	project	funded	from	reserves/hold	back	
– Only	$3M	from	of	the	FY18	increase	for	long	pulse	is	
allocated	to	stellarators	



Scenarios	FY19	and	FY20	

•  Scenario	1:	President’s	requested	budget	+
$5M	in	both	FY19	and	FY20	

•  Scenario	2:	President’s	requested	budget		
•  Scenario	3:	President’s	requested	budget	in	
FY19	with	20%	decrement	in	FY20	



Distribu;on	of	funds	based	on	
priori;es:	Scenario	1	

•  Goal	is	to	fund	the	two	
highest	priori;es:	Pellet	
injector	and	op;miza;on	
ini;a;ve		

•  Chart	based	on	a	Scenario	
1	(steady	funding)	
–  First	scien;fic	priority	for	

increment	is	op;miza;on	
study	

–  Second	priority	is	pellet	
project	

–  W7-X	enhancements	is	3rd	
priority	

–  Support	domes;c	
machines	and	theory	at	a	
modest	level	

–  Support	directed	
collabora;ons	on	LHD	 0	
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Distribu;on	of	funds	based	on	
priori;es:	Scenario	2	

•  Goal	is	to	fund	the	two	highest	
priori;es:	Pellet	injector	and	
op;miza;on	ini;a;ve	(Up;ck	
in	2018,	followed	by	request	in	
FY19	and	FY20)	
–  First	scien;fic	priority	for	

increment	is	op;miza;on	
study	

–  Second	priority	is	pellet	
project	

–  W7-X	enhancements	are	third	
priority	

–  Support	domes;c	machines	
and	theory	at	a	modest	level	
the	first	year	

–  LHD	is	funded	only	the	first	
year	
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Distribu;on	of	funds	based	on	
priori;es:	Scenario	3	

•  Goal	is	to	fund	the	two	
highest	priori;es:	Pellet	
injector	and	op;miza;on	
ini;a;ve	(Up;ck	in	2018,	
followed	by	request	in	FY19	
and	20%	decrement	in	FY20)	
–  First	scien;fic	priority	for	

increment	is	op;miza;on	
study	but	need	flat	budget	
so	final	year	of	funding	
limits	project	size	

–  Second	priority	is	W7-X	
pellet	injector,	but	deadline	
drives	budget	

–  W7-X	enhancements	are	
funded	only	in	the	first	year	

–  LHD,	domes;c	experiments	
and	theory	are	not	funded	
further	
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STELLCON	has	IdenDfied	Proposed	
Program	PrioriDes	

1.  Aggressively	pursue	collaboraDons	on	internaDonal	superconducDng	
devices	
•  W7X	-	Long	pulse,	high	β,	island	divertor	and	PMI,	fueling	
•  LHD	–	D-D	campaign,	high	β,	helical	divertor	

2.  Develop	opDmized	configuraDon	as	part	of	a	NaDonal	OpDmizaDon	
IniDaDve	in	preparaDon	for	a	next-step	US	facility	
•  Focus	on	benefits	of	quasi-symmetry	which	cannot	be	inves;gated	on	the	exis;ng	

large	interna;onal	facili;es	
•  Define	the	minimum	scope,	needs	and	capabili;es	of	such	a	system	

3.  Design	an	Build	a	mid-scale	facility	to	test	these	ideas	
4.  PosiDon	US	to	build	a	world	leadership-scale	experiment	beyond	W7-X	
UDlize	exisDng	devices,	as	appropriate,	in	addressing	STELLCON	issues	and	in	support	of	items	1	and	2.	
Theory	and	computaDon	are	a	necessary	component	of	all	three	elements	to	form	an	effecDve	program	
	



Thanks	for	your	amen;on	


