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Outline

• The	HIT-SI	and	HIT-SI3	experiments
• Imposed-dynamo	current	drive	(IDCD)	theory
• Using	biorthogonal	decomposition	to	isolate	coherent	

structures
• Observed	stability	in	high	frequency,	sustained	HIT-SI	discharges
• Coherent,	imposed	motion	and	stability	in	high-current	(90 kA)	

sustained	HIT-SI	discharges
• Comparison	of	spheromak	size	to	closed-flux	predictions

– Taylor	minimum	energy	equilibria
– IDCD	predicted	𝜆 profile

• Progress	on	HIT-SI3
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The	HIT-SI	&	HIT-SI3	experiments

• “Bow	tie”	flux	conserver:	
– R =	55	cm,	a =	23	cm
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• Semi-toroidal	injector	ducts
– Two	injectors	on	HIT-SI,	opposite	

sides,	rotated	90° toroidally
– Three	injectors	on	HIT-SI3,	same	

side,	equally	spaced
CAD	renderings	by	John	Rogers
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The	HIT-SI	&	HIT-SI3	experiments

• Voltage	coil	induces	loop	voltage,	drive	injector	current
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• Flux	coil	injects	magnetic	flux
• On	each	injector,	flux	and	voltage	are	

oscillated	in	phase,	giving	positive	helicity	
injection
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Voltage
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Relative	injector	phasing	for	steady	helicity	injection
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• HIT-SI,	injectors	90° out	of	phase,	steady	helicity	injection:

• HIT-SI3,	injectors	60° or	120° out	of	phase:

• HIT-SI3,	injectors	in	phase,	non-steady helicity	injection:



Spheromak	formation	by	relaxation	to	lower	spheromak	𝝀 = 𝝁𝟎 𝒋 𝑩⁄
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Figures	courtesy	of	Chris	Hansen

HIT-SI3HIT-SI

Injector	Taylor	states	only

Composite	Taylor	states	
with	spheromak



Sustainment	with	Imposed-dynamo	Current	Drive	(IDCD)
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T.R.	Jarboe,	et	al.,	Nucl.	Fusion,	52.8 (2012)	083017

• IDCD	requires	driving	the	edge-λ higher	than	the	
spheromak	𝜆,	while	imposing	non-axisymmetric,	
magnetic	perturbations.

• The	dynamo	terms	in	Hall-MHD	Generalized	
Ohm’s	Law	leads	to	a	dynamo	electric	field	that	
drives current parallel	to	the	equilibrium	field.

• For	steady-state	sustainment,	electromagnetic	
energy	in	a	closed-flux	volume	must	remain	
constant,	i.e.:	resistive	decay	must	be	balanced:

IDCD	2-step	𝜆 model

T.R.	Jarboe,	B.A.	Nelson,	and	D.A.	Sutherland,	Phys.	Plasmas	22	(2015)	072503

-𝚥 ⋅ 𝐸	𝑑𝑉 = 0
�

�



Derivation	of	sustainment	inside	closed	volume
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Starting	with	generalized	MHD	Ohm’s	law,	

𝐸 = −�⃗�×𝐵 +
𝚥×𝐵
𝑛𝑒 + 𝜂𝚥

Assume	relevant	quantities	can	be	separated	into	equilibrium	and	perturbative	
components:	𝚥 = 𝑗@ + 𝛿𝚥,	𝐵 = 𝐵@ + 𝛿𝐵 ,	and	�⃗� = 𝑣@ + 𝛿�⃗�

Next,	assume	the	perturbation	is	frozen	into	the	electron	fluid	and	the	electron	fluid	
exclusively	carries	the	equilibrium	current

In	the	perturbation frame	of	reference	the	ion	fluid	moves	at	the	drift	speed,	𝑣@ =
BC
DE



Derivation	of	sustainment	inside	closed	volume

Solving	for	𝚥 ⋅ 𝐸 ,
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𝚥 ⋅ 𝐸 = 𝑗@ + 𝛿𝚥 ⋅ − 	𝑣@ + 𝛿�⃗� × 𝐵@ + 𝛿𝐵 +
𝑗@ + 𝛿𝚥 × 𝐵@ + 𝛿𝐵

𝑛𝑒 + 𝜂(𝑗@ + 𝛿𝚥G

Performing	the	dot	product	and	simplifying	yields:

H⃗ ⋅ 𝑬 = 𝒋𝒐×𝜹𝑩 + 𝜹H⃗×𝑩𝒐 ⋅ 𝜹𝒗 − 𝜹𝑩×𝜹H⃗ ⋅ 𝒗𝒐 + 𝜼 H⃗ ⋅ H⃗ + 𝑶 𝜹O

Or	in	integral	form	as	required	for	closed-flux	sustainment,

- H⃗ ⋅ 𝑬	𝐝𝐕 ≈ - 𝒋𝒐×𝜹𝑩 + 𝜹H⃗×𝑩𝒐 ⋅ 𝜹𝒗 − 𝜹𝑩×𝜹H⃗ ⋅ 𝒗𝒐 + 𝜼 H⃗ ⋅ H⃗
�

�

�

�
𝒅O𝒙 = 0



Key	dynamo	term	is	parallel	to	equilibrium	current
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Neglecting	the	velocity	perturbation	for	simplicity	recovers	the	equation	from	
Jarboe	et	al.,	Phys.	Plasmas	(2015):

- H⃗ ⋅ 𝑬	𝐝𝐕 ≈ - − 𝜹𝑩×𝜹H⃗ ⋅ 𝒗𝒐 + 𝜼 H⃗ ⋅ H⃗
�

�

�

�
𝒅O𝒙 = 0

Note	that	a	component	of	the	dynamo	drive	is	in	the	direction	of	equilibrium	current,	

𝑣@ =
BC
DE

Thus,	it	is	possible	for	appropriately	phased	perturbations	to	sustain	a	closed-flux	
configuration	against	resistive	decay



Separate,	stable	spheromak	predicted	by	IDCD

• Perturbations	in	HIT-SI	exceed	current-
drive	requirement
– Electron	flow	“locked”	inside	current	

separatrix

• IDCD	λ-profile	in	HIT-SI	is	“step”

• A	plasma	which	is	stable	to	injector	
perturbations	resists	deformation

• If	the	inner	spheromak	plasma	is	stable,	
it	will	move	as	a	coherent	object
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Calculations	from	Chris	Hansen’s	Ph.D.	thesis,	University	of	Washington,	2014



Surface	magnetic	probes	measure	toroidal	current	and	modes
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• Four	arrays	of	16	probes	at	toroidal	angles	0°,	
45°,	180°,	and	225° are	used	to	calculate	
toroidal	current
• Total	toroidal	current	is	the	average	of	the	four	

arrays

• Two	arrays	of	16	probes	around	
midplane	measure	Fourier	modes	
up	to	n = 7



Biorthogonal	decomposition	isolates	empiricalmodes

• Arrange	data	in	2D	array,	space	vs.	time
• Separate	into	empirical	modes	based	on	spatial	and	temporal	coherence,	ordered	by	

“weight”	(amplitude)

• Append	injector	currents	to	surface	magnetic	probe	signal	array
– Force	signals	correlated	with	injectors	to	be	grouped	together

• Subtract	injector-correlated	components	(and/or	equilibrium-correlated)
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Fourier	mode	structure	of	injectors,	equilibrium,	instabilities	isolated	with	BD
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Following	method	of	B.S.	Victor,	et	al.,	Physics	of	Plasmas 21 (2014)	082504.	

• Most	n =	1	energy	is	directly	correlated	with	
injector	currents

• Equilibrium	has	n =	2	and	n =	1	distortions
• Remaining	“plasma-generated”	

nonaxisymmetric	activity	is	small,	𝛿𝐵 𝐵 ≈⁄ 3%



Plasma-generated	𝜹𝑩	cannot	sustain	toroidal	current
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𝐸∥ = − 𝛿𝑣E×𝛿𝐵 ∥ + 𝜂𝑗∥

− 𝛿𝑗×𝛿𝐵 ∥ 𝑛𝑒⁄ = 𝜂𝑗∥ − 𝐸∥

−-
𝛿𝐵V𝛿𝐵W@X

𝜇Z
𝑑𝑎

�

�
= -𝑛𝑒 𝜂𝑗W@X − 𝐸W@X 𝑑𝑉

�

�

𝛿𝐵VX\] ^

2𝜇Z
2𝜋𝑅Z2𝜋𝑟 ≥ 𝜂𝑗W@X − 𝐸W@X 𝑛𝑒𝜋𝑟^2𝜋𝑅Z

𝐼̇ =
−𝐼]fg
𝜏i

jk
+
4𝜋𝛿𝐵V^

𝜇Z^𝑛𝑒𝑟
. 𝜏i

jk
=

2𝐾
�̇�oDB − �̇�W@Wpq

Electron	fluid	is	frozen	to	magnetic	field,

Integrate	over	volume	inside	a	toroidal	flux	surface,	
calculate	Maxwell	stress	on	the	surface:



High	current,	low	frequency	discharges

• High	power	&	density	regime	enabled	
sub-injector-cycle	resolution	with	ion	
Doppler	spectrometer	(IDS)

• fINJ =	14.5	kHz
• ne ≈ 5	 − 7	×10uvm-3

• ITOR /	IINJ,	QUAD ≈ 3
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Fourier	mode	structure	of	injectors,	equilibrium,	instabilities	isolated	with	BD
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Following	method	of	B.S.	Victor,	et	al.,	Physics	of	Plasmas 21 (2014)	082504.	

• Most	n =	1	energy	is	directly	correlated	with	
injector	currents

• Equilibrium	has	n =	2	and	n =	4	distortions
• Remaining	“plasma-generated”	

nonaxisymmetric	activity	is	small,	𝛿𝐵 𝐵 ≈⁄ 6%



The	Ion	Doppler	Spectrometer	(IDS)

• 1	meter,	f/8.5	spectrometer
– On	loan	from	Prof.	Nagata

• Linear	fiber	optic	array
• Small,	wide-angle	lens
• 17	conical	chords	in	toroidal	midplane
• Phantom	v710	high	speed	camera

– 145	kHz	=	10,	7 𝜇s	exposures	per	injector	cycle
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C	III,	465.025	nm

O	II,	464.913	nm

C	III,	464.742	nm

R ≈ 1	cm

R ≈ 33	cm	
(mag	axis)

R ≈ 41	cm	(max)



Similar	velocities	observed	in	3	shots

8/24/16 Aaron	Hossack	|	CT	Workshop 19

1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84

15
 k

m
/s

 p
er

 D
iv

is
io

n

26

28

31

33

35

39

41

R
  [cm

]

IDS Velocities, Outer Chords
129499
129450
129451

time [ms]
1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84

-20
0

20

Injector Currents [kA]

X INJ
Y INJ

1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84

15
 k

m
/s

 p
er

 D
iv

is
io

n

0.87

3.7

6.6

9.4

12

15

18

20

23

R
  [cm

]

IDS Velocities, Inner Chords
129499
129450
129451

time [ms]
1.68 1.7 1.72 1.74 1.76 1.78 1.8 1.82 1.84

-20
0

20

Injector Currents [kA]

X INJ
Y INJ

Aaron	Hossack,	Ph.D.	thesis,	
University	of	Washington,	2015

Velocities	repeatable	
for	similar	shots

Dominated	by	
injector	frequency



Filter	velocity	to	injector	frequency,	calculate	“displacement”	with	running	integral
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Velocities	in-phase	
from	beyond	
magnetic	axis	(41	cm)	
to	~18	cm

Coherent	motion	
±2.5	cm

Phase	shift	from	
R≈12-15	cm

Opposite	phase	from	
9.4	cm	inboard	–
injector	plasma	
displaced	by	
spheromak



Maximum	displacement	correlated	with	injector	current

• Two	opposing	forces:
– Increased	flux	around	edge	pushed	spheromak	inboard	(on	right	side)
– Parallel	currents	attract,	pull	spheromak	outboard

• Data	show	spheromak	displaced	to	the	right	at	X	injector	maximum,	therefore	attractive	current	force	dominates
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Itor

IDS

• Injector	current	has	been	shown	to	follow	toroidal	current	to	one	side	of	geometric	axis,	hence	downward	arc	in	
right	figure	(Victor	et	al.,	PRL	2011)

• Injector	fields	align	with	
spheromak	fields	– mostly	
poloidal	at	edge



Spheromak	size	compared	with	Taylor	and	IDCD	theory

• IDS	measured	inboard	separatrix	R ≈	16	– 18	cm
• IDCD	equilibrium	predicts	inboard	current	separatrix	at	

R ≈ 9.3 ± 0.5 cm
• Real	profile	may	have	“limited-slip”	transition	region
• Composite	Taylor	states	predict	separatrix	at	R ≈ 20 − 24	cm

– Long	(not	closed)	field	lines	near	separatrix
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Figures	courtesy	of	Chris	Hansen	and	Thomas	Benedett

IDCD	2-step	Profile

3D	Taylor	States,	Flux	Amplification	3	(left)	and	4.8	(right)

• Coherent,	imposed	motion	is	
indicative	of	stability
– Larger	size	than	predicted	by	

Taylor	theory
– Smaller	size	than	2D	IDCD	theory



BD	and	Fourier	mode	analysis	on	HIT-SI3

• 60°,	120°,	0° relative	phasing	
between	three	injectors

• High	(47.5	kHz)	and	low	(14.5	kHz)	
injector	frequency
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Mode	spectra	varied	in	HIT-SI3	by	changing	injector	phasing
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Slight	differences	at	low	frequency:	injector-correlated	n	=	2	at	120°
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Status	update:	adding	pumping	plate	for	density	control	&	Thomson	scattering
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Summary

• IDCD	theory	shows	that	dynamo	sustainment	of	equilibrium	current	is	possible
– Requires	electron	velocity	gradient	and	nonaxisymmetric	perturbations

• Using	biorthogonal	decomposition,	observed	that	almost	all	nonaxisymmetric	
energy	is	imposed	by	injectors	

• Plasma-generated	instabilities	cannot	sustain	measured	current,	but	imposed	
perturbations	can

• Coherent,	imposed	plasma	motion	± 2.5	cm	observed	with	IDS
– Correlated	with	attractive	force	of	time-varying	injector	currents

• Size	of	coherent	volume	larger	than	predicted	by	3D	composite	Taylor	equilibria
• Consistent	with	IDCD	theory	– transition	region	instead	of	sharp	separatrix
• Coherent	motion	is	indicative	of	stable	equilibrium
• HIT-SI3	is	testing	plasma	response	to	perturbation	spectrum
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