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Pegasus ST at A~1 Facilitates AT Science

Studies at Small Scale

LHI Phase OH Phase H-mode
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« Local Helicity Injection (LHI) for ST Startup

Local DC . :
Helicity T — Inject current streams in plasma edge
Injectors Divertor Coils
A 11513 « H-mode Physics at Ultralow-A
R (m) o: 9 0,45 — H-mode and ELM characteristics
[, (MA) < 0.25
B (T <0.2 :
Arfl(t()s) <0025 « Access to high Iy > 10

— Tokamak stability limits at A ~ 1
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H-mode Readily Accessed at A ~ 1

Limited L Limited H Diverted H
Fast visible imaging, At ~ 30 us

« LowBiatA~1->low H-mode P 4
—  Poy >> Pripgos ~ B89 n 072 §0-94

— Limited or Diverted topology

« Standard H-mode features
—  Quiescent edge
— Reduced H,
— Improved 7z
— Some differences compared to high-A THE untvERSITY w
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Edge Pedestals, Increased Confinement

Single-shot, At =6 us

E
<
« Simple probe access through the ==, 100 ¥y |
pie pr 9 e 65673
pedestal in H-phase . N 65678
— J,(R,t): multichannel Hall probe'2 0.52 0.54 0.56 0.58 0.60 0.62
— p(R): triple Langmuir probe R [m]
Multi-shot average
« Confinement increases 2x " _
— Requires time-evolving reconstructions T
— L: Hyg ~0.5+0.2 =
ot o S0 0 IS 1) w
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Normalized P 4 vs. Density
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« Follows ITPA n, scaling
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« Magnetic topology independence
— Diverted, limited edge q(y) similar

—  FM3 model:

(PLHLIM/PLHDIV) _ (qWLIM/quIV)-7/9 ~ 1

Fundamenski et al., Nucl. Fusion 52, 062003 (2012)
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At Low A, Py > Piroacs

Multi-Machine P / Ptpags Comparison

2F ‘l l l — Pegasus l
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10 k M oD A Auc*?
oo 8:- " m k™ o comop®?
2 ol ' A JT60-U"" e [TPAOS
s T A
= 4 .
al I *
N “
=
D— ~.~...
8.
! Conventional Tokamaks
1 1

1.0 1.5 2.0 2.5 3.0 3.5
Aspect Ratio

3Wesson, Tokamaks, 4" ed. (2011), p. 630 M ASTSON

'Maingi et al., Nucl. Fusion 50, 064010 (2010) THE UNIVERSITY
*Martin et al., J. Phys.: Conf. Ser. 123, 012033 (2008) WISCONSIN
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A ~ 1: ELMs n-numbers tend lower

Quiescent Small (Type lll) ELM  Large (Type I) ELM
« Small (“Type III"):

— Ubiquitous, less

perturbing
- At POH ~ PLH
— Low-n: 4-dependent
structure
 Peg.,, NSTX:n<4 /
* A~3in>8 Small (Type Ill)
20— ———— 1 600
— 1 Wy
7] ” -’ 2 500
« Large (“Type I") < 150 | - < .00
— Infrequent, violent % 10 _ % 300
o o
— AtPoy>>Pg 8 5 | g 200
, o © 100
— Intermediate-n: lower © . ©
range at low-4 120
f [kHZ]
Maingi, Nucl. Fusion 45, 1066 (2005) THE UNIVERSITY / "77:"7"\‘
Perez, Nucl. Fusion 44, 609 (2004) WISC6NSIN W

Kass, Nucl. Fusion 38, 111 (1998) MADISON
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é;:@ Nonlinear ELM Precursors Observed

« Magnetic signature of ELMs

have multiple n components i

Cross-Power [A.U.]
N
o
o

— Simultaneously unstable modes

N
o

[
o

o

N
o

« Modes show different time
evolutions

Mode 9B/at

— n = 8 grows continuously

Mode Amplitude (1)

— n = 6 fluctuates prior to crash
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40 1 1 1 ]
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Time [ms] Time [mS]THE UNIVERSITY
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Complex Evolution of J.44.(R,t) Measured

During ELMs

Large, Type I ELM nonlinear

Jedge(R,t) evolution
« Challenge: nonlinear ELM dynamics at

Alfvénic timescales i N ]
I \/\ +151.5us ]
. . . . + + 1 — ..
« Ubiquitous current hole formation —
observed: H77 s ]
— Type HI: smaller, slower, no filament evident R N |
N -600 I T T T T T =
— Type I: larger, faster, evident filament S 400:_ +134.1(53 . 4(:2
. . .. X -200F - -
— Qualitatively similar to JOREK = r \= | /\/\/\ /\ ]
- FT T T T T HF H
— Probe access: simulation validation opportunities [ (d) 1 (i)
400r +139.9 us'_ +169.1 us _
-200-\ - /\
« Complex, multi-modal collapse of edge BOFT— T T '(e) '=
and filament formation “‘°°.'/\ #1457 s som .
-200F -
0 — 65676 “\ /\ﬁ

052 054 056 058 060 062 052 054 056 058 060 062
Rm] Rm]
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3D Edge Current Injection May Influence ELM Stability

« LHI system affects edge
plasma

— Strong 3D edge current perturbation

— Edge biasing to modify rotation

—  Similar to LHCD on EAST! 71136 - #w, (D)
= 71139 /.’
2 )
E
&
* Jedge INjection in H-mode_ -
suggests ELM suppression 0 , , e
— Low I;,;; = ELM suppression === 5 Swwwwwwﬁww\fw
<
— High I,,; = edge and discharge ;é 10 (d)
degradation Y2 T 26 7 >3
Time [ms]

THE UNIVERSITY

I: Liang et al., Phys. Rev. Lett. 110, 235002 (2013) WISC6NSIN
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éﬁ:@ Local Helicity Injection (LHI) Provides Robust

ST Startup without OH Solenoid

. OH (H-mode)

D)
\35 40
N
N
A4

20 Ls 30 |
‘\ Time [ms

Reconnect, relax to
Tokamak-like state

Unstable injected
current streams

Subsequent
OH-Driven Tokamak

o
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é@ Multi-Year Technology Development has Produced
b

Robust, High Performance Current Injectors

Three-Injector

Array
« Washer-stack arc source:
— JianIkA/CInz 16cm
l—l
- High-voltage in SOL: V,, > 1kV Cathode
Shield
— Frustum cathode Injection
— Floating cathode shield Cathode
Arc Source
Clean, High-V,
« PMI control: 1-2 cm from LCFS «— Shield Rings Operation

— Cascaded shield rings

— Local limiter Gas Feed

— Mo PFCs

o
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Physics Models Provide a Predictive Understanding

for LHI Startup

Taylor Relaxation Helicity Conservation
1. Taylor relaxation, helicity 77
' TF” inj ~ P
conservation | N I,<1, ~ inj V= v V.,
— Steady-state maximum I limits w

psITL

Ip[VLH1+V1R+VIND]=O; 1

2. 0-D power-balance I(t)

— V_y for effective LHI current drive

Reconnecting LHI Current Stream

3. 3D Resistive MHD (NIMROD)

— Physics of LHI current drive mechanism

o,
=,
Sy 0.0
T

D.J. Battaglia, et al. Nucl. Fusion 51 (2011) 073029.

N.W. Eidietis, Ph.D. Thesis, UW-Madison, 2007. THE UNIVERSITY

J. O’Bryan, Ph.D. Thesis, UW-Madison, 2014. WISCONSIN
RJF IAEA FEC2016 - 13 J. O’Bryan, C.R. Sovinec, Plasma Phys. Control. Fusion 56 064005 (2014) MADISON




Power Balance Model Provides

Predictive Tool for I (t)

Ip[VLHI +V1R +VIND]=O

—  Vypur effective drive
— Vig: resistive dissipation
— Vinp: analytic, from shape(t)

— Taylor relaxation limit: I, < Iy

o.sHf

T |
Shape "
Evolution

—0.5-

0.0 R [m] 0.5

* V|\p dominates current drive
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* Model reasonably recreates |(t)
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Eidietis et al., J. Fusion Energ. 26, 43 (2007)
S.P. Hirshman and G.H. Nielson 1986 Phys. Fluids 29 790 THE UNIVERSITY
O. Mitarai and Y. Takase 2003 Fusion Sci. Technol. WISC6NSIN

Battaglia et al., Nucl. Fusion 51, 073029 (2011)
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NIMROD Describes Current Helical Current

Stream Reconnection as Drive Mechanism

Divertor LHI Startup Shows suggestive
commonality between experiment and

« Divertor injection = no inductive drive NIMROD modeling

Current Ring

1. Streams follow 2. Adjacent passes 3. Reconnection NIMROD Simulation May 2016 PEGASUS
field lines attract pinches off current [O'Bryan PhD 2014] High-speed Imaging
rings
J. O’Bryan, et al., Physics of Plasmas, 19, 080701 (2012) THE UNIVERSITY

J. O’Bryan, C.R. Sovinec, Plasma Phys. Control. Fusion 56 064005 (2014) WISCONSIN
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Current Stream Interaction Manifests as

Edge-Localized MHD Burst

80

. . — . PEGASUS % NIMROD
«  Magnetics localize g | PEeAsUS g ;
coherent streams in edge — = e
— Infers NIMROD streams in — l = |
edge E, £,
L | | T
16 17 18 Time19[ms] 20 21 22
 Reconnection-drive edge
ion heating
Internal B. Measurements External B, Phase Correlation
E ' ' b ' ' " Inferred |
d Any StOChaStiC N: 20 i Elnjector Radius_ Stream Location
reconnection region may 15 I -
. o - =
be localized to edge z 10 N
3 s -
5 0 . _ e
< 0.60 070  0.80 04 Injecfors
R [m] oA
0.0 R [m] 0.85
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T.(0) > 100 eV Suggests

Favorable Confinement Scaling?

Peaked T¢(R) while Connected to Injectors

« T, 0)= 100 eV comparable to W; togtd \ %
. 100t % 1t +T§#H'a 1t {-}‘} 1t ! .
Ohmic L-mode H L H.; k' ﬁ}wﬂ h
. . '_50- 4k A 4t 4+ iﬁ -';i‘i ]
— Withn, 2 10 m3, provides good k } ! | ! SHN
target plasmas for subsequent byt L Gopmected || Discomnectod [ i

Rimaj (cm) maj (cm) maj (cm) maj (cm)

sustainment
g 100+

5’ 50

e Possible two zone confinement

favorable scaling to NSTX-U

— OH, stochastic models

— Not strongly stochastic across profile Confinement Scaling Estimates
— Drive: Viyp (across plasma), Vi y; g 0.5 = .
edge = I JRR ]
( - ) T 0.4 Stochastic
03 .
)
Coni  estimat t O 0.2 <Te>=30eV_ 2
° © . -
onfinement estimates sugges 2 0. ]
K
o

0.0 :
0 1 2 3 4 5

Normalized Helicity Injection:
AinjVini/Riny [V-m]
d bl h THE UNQI/\_/ERS]TY
A.B. Rechester and M.N. Rosenbluth, PRL 40 (1) 1978
C.R. Sovinec and S.C. Prager, Phys. Plasmas 3 (3) 1996 WISCONSIN
RJF IAEA FEC2016 - 17 Stoneking, et al., Phys. Plasmas 5 (4) 1998 MADISON




Reconnection-driven lon Heating

Gives T, > T, During LHI

lon heating correlated with high frequency MHD
_ _ fluctuations, not with discrete reconnection
« Impurity T;(0) ~ 100 — 500 eV > T, routinely between helical streams

observed during LHI

5 100 —W\
«  Continuous ion heating from reconnection - 0 l l l l

between collinear current streams 100 1y Vo

—  No effect on current drive efficiency

—  Significant ion heating (~ few 0.1 MW) 16 18 20 .22

-
an
.=
-
_______
-
-
ns®

lon heating consistent with

2-fluid reconnection theory
300 I I I I

()

250 — [ Ti,J_ =

200 |- 0 T [ -

150 |- L] —

He-Il T, [eV]

1

100 [~ * - 002% -  (e) 0.2-0.4 MHz | _
1
|

= ® —
50 ., &

0 ' oLl l |
0 10 20 30 40 50 o5 26 27

Iinj(vinj)1/2 [a.u]

Time [ms]
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a} Understanding Confinement Scaling in LHI is

Critical for Predicting to NSTX-U and Beyond

NSTX-U: Confinement Scalings

« Rapid improvement with V|, 1.0 7 7.
under favorable scalings 0.8} 'TER-97L ier ST
9 _. °[ Scalin .7 100eV
— Possible reduction in injector < 06 ""’/F’
requirements = 04 ,x" ‘/"Stoc.hastlc
02b T oL _—
0.0kziadlr""— "7 <T>F30eV

0 1 2 3 4
Vnorm = Nininnijias/ Rinj [V'm]

 Current projections: I,~1 MA on PEGASUS: Vi< Vinp NSTX-U: Vi ~ Vino
I — T T T T T 1.6 T T T T
NSTX-U accessible 0.3 Frrencus ] st 7
'<z_(' 0.2}k . 0:8 [ Projected
0.0 0.0k
= 2.0 ,
2 1.5V Vi i
« Wil need VLHI ~ V|ND c—;(: 1.0F S 4
. | IND L
— Confinement studies needed when § 0 0 7z
sustained by V| g A S E———— L A el
0O 4 8 12 16 0 20 40 60 80 100

Time [ms] Time [ms]
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Divertor Injection Experiments Provide

Confinement Test & Higher |,

Projected Injector Performance

« Initial DIV injector campaign in progress 05 . . ~ :
— Development to minimize PMI as By increases 0.4k Previous Div ; New Div
' Injectors Z Injectors
»  Minimal Viyp RR ]

« 3-4xincrease in Hl drive: Vi ~ A Vin/Rin;

/-/-/I-/-/

« Reconnection mechanisms to higher |,, B¢ — Fixed -
o Te=30eV|

» Injectors at longer pulse, high-B+¢ 0 1 2 3 4', 5

Normalized Helicity Injection ;
AinjVinj/Rinj [V-m]

Centerstack

Lower DIV
Strike Plate

RJF IAEA FEC2016 - 20
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a} Divertor Injection Provides Non-solenoidal

Sustainment at High [y

Constant geometry: minimal V \p

Low ITF ~0.6 Ip

[ ]
I, [KA]

Iy > 10 accessible

— Constant or ramped-down Bp

Potential for high B+

— Aided by anomalous ion heating

1.5+

1.0+

ne (x10"° m?)

0.5+

0.0
0
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%@ LHI Provides Access to High-B+ at A ~ 1 with Non-

Solenoidal Sustainment and Anomalous lon Heating

Initial Exploration of High-p; Space

« Equilibrium reconstructions estimate Bt (~<P>/Brq?) h Operating Spaces
m NSTX JAY \
—  Matches external magnetics, Py,(0), and edge in T.(R) 100- | = ﬁ&ﬁmkamaks AA A7
-
— Includes anomalous Ti(O) sk Pe.gasc;fn;eallr::tlt_ly_llzlnjectlon BN — 6 . 5 ) ’A‘ - i
—  Some caveats for these initial results — . ,TFARaé?npedtﬁ;Wgonstra.im I A
- Assumes closed flux surfaces inboard of injectors S, ool L9 - 4 Scaled Magnetic e
* Role of SOL edge current & P - @
. Magneti.cs-o.nly 'reconstru.ctions scaled via comparison to 40k U< - ﬁN — 4_
those with kinetic constraints . - ®
+ Need full kinetic profiles in future 2ok - O O |
-4 O
0 1
« High By plasmas often terminated by disruption ° ° N 10 1

— n=1, low-m precursors

Equilibrium Parameters
Shot 87332, 24.50 ms, Undo 72

« Expands accessible high Iy, Bt space for tokamak 102 kA Ry 0.317m

i i i B, 0.95 a 0.263m
stability studies at extreme toroidicity e 022 A 1921
— Campaign underway to document, extend to higher I, B, 0.45 Kk 26
W 545 § 054

— Improved LHI injector hardware to increase I, Brr

Bro 0.0249 T 7.24
accCess 70 Gos

0.0 04 0.8 1.2 THE UNIVERSITY
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E@ Studies at A ~ 1 Support Development of the

Tokamak Concept

« H-mode plasmas with pedestal diagnostic access
— Standard characteristics: pedestal; low D,; increased t.; Hog
— Strong Py y; scaling with 4
— Insensitivity to magnetic topology
— Transient current hole formation during ELMs
— ELM mode structure reflects strong peeling drive

» Local Helicity Injection provides non-solenoidal startup and sustainment
— Ip up to ~ 0.18 MA with I;;; ~ 5-6 kA
— Taylor Relaxation, Helicity conservation, and resistive MHD modeling
— Appears scalable to large scale, but questions on confinement and reconnection dynamics

— Flexible geometry options for helicity and inductive drive tradeoffs, and engineering constraints

- Non-solenoidal I,(t) via LHI enables access to stability tests at extreme
toroidicity
— Sustained operation at high Iy, high By
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