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“Spherical Torus” Extends Tokamak to
Extreme Toroidicity

« Motivated by potential for increased 3 [Peng & Strickler, 1980s]

ﬁmax (= 2M0<p>/BT2) - C'Ip/aBT X CK/Aq

B;: toroidal magnetic field on axis;

fp average plasmé pressure; Spherical Torus

o plgsma cgrrent, A=1.3,q,=12

a: minor radius;

K: elongation of cross-section;

A: aspect ratio (= R/a); | _

q:  MHD “safety factor” (> 2) - Conventional
C. Constant ~3%-m-T/MA Tokamak

[Troyon, Sykes - early 1980s]

« Confirmed by experiments
_ ﬁmax = 40%
[START (UK) 1990s]
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NSTX Designed to Study High-Temperature Toroidal
Plasmas at Low Aspect-Ratio

Flexible outer Slim center column )
PF coils for with TF, OH coils | | Aspect ratio A 1.27—-1.6

shaping, control Conducz‘/ng plates| | Elongation k 1.8-3.0

w for MHD stability || Triangularity 0.2-0.8
Major radius R, 0.85m
Plasma Current |, 1.5MA
Toroidal Field B+, 04-055T

(Pulse Length ~2 — ~158)
Auxiliary heating:
Excallont k NBI (100kV) 5 — 7MW
diagnostic \. (Pulse Length 5 — 25)
access
" RF (30MHz) 6 MW (5 s)
/ ‘ Central temperature 1 -5 keV
Insulated VV Graph/te/CFC PFCs : }
breaks for CH/ + Lithium coating Central density =1.2x10%°m=
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NSTX Complements and Extends
Conventional Aspect-Ratio Tokamaks

* High B: B+ up to 40%, p(0) ~ 1
* Intrinsic cross-section shaping (x > 2, Bp/B+ ~ 1)
- Large fraction of trapped particles (~V(r/R))
* Large gyro-radius (a/p; ~ 30-50)
« Large bootstrap current (>50% of total)
« Large plasma flow & flow shear (M ~ 0.5)
— Predicted to suppress ion turbulence
 High dielectric constant (¢ ~ 30—100)
— Different regime for RF wave heating and current drive
* Large population of supra-Alfvénic fast ions (vVyg/Vainen ~ 4)
— Physics of alpha particles in burning plasmas
 High divertor power flux (P/R)
— Challenges plasma facing materials
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Gyro-Radius Scale Gradients in lon Profiles
Observed in NSTX NBI-Heated H-mode Plasmas

« Carbon C®* ion temperature T, 0.8 T17820 08 2pai
. . . [.245 s 10.345 ¢
density n; and toroidal velocity v,  os/ T 06| N
S | S =
from Che_arge_-Exchange 2 af 2 04 |
Recombination Spectroscopy = . =
.. 0.2 [Gyro Orbit 'fﬂ | 0.2f :
- Preliminary measurements sol I ool Gyroomitd |
indicate small poloidal velocity kel | o L
« AT, =250 — 450 eV over 2cm E o8l | E os R
* Gradient in n¢ shifted inward 2 gf g, 2 gj ¢
from Ti gradient 2% 0:2 Gyro Orbuti i z 0:2 [ Gyro Orbiti E
» Carbon v, shows dip in region of W %0 -
. 50| P 50| b
T, gradient 5 40 N - 4of N
« Strong gradient in ion pressure £ gg Lo £ Zg |
implies large negative E. and > Sal \ | > o Ve
Strong Er gradientS _18 ................ ,; ; ......... _18 ,_..».f......:.:xf.:.:.: ; ......
« Significant distortion of ion orbits 134 136 138 140 142 14 134 136 138 140 142 144
and modification of transport RADIDS (om) RARIDS (om)
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Scaling Experiments Have Revealed Role of
Electron Transport in NSTX Energy Confinement

Weaker dependence of Tz on |

Stronger dependence of T on B;

° ~ | 0.93 ~ 1
TE ITER98Y,2 Ip * Tg, ITER98Y,2 B,O1°
0_10""I""I'"'l""l""l"" 0.10 T IM T T
I —— Total 0.7 MA
[ -= Thermal Ng=5.36.7x101% m™3 4 MW
0.08[ - ,0.39 0.08 | .
I :/ .
0.06f Lf’j_,/J _ . 006[ -~ Br091 &
_— L . g — .
(%Y N i | 004 B u
0.02} ] i 0.85
] 0.55T ] 0.02 ~Br
hg=5763x1010m3 4 MW | e Iﬁ':r'mal
000 12| Neoclassical 0.00 S~
: : : 2| e 0.3 0.4 05 0.6
l, (MA) including finite B; (T)
100 J T T T T T T T T | — . 100 ] I
] 1 | banana width ] .
1 | Xi,GTCNEO Br=0.35T]
0 - (r/a=0.5-10.8) NQ -
t\é 10~ =0.7 MA ol £ 104 =
S 4% 1 = .
1 T T T 1 T T
0.0 05 g 10 0.0 05 g 1.0
@NSTX Bell / NIFS seminar / 080916 S. Kaye



Heating Electrons with RF Waves Drives
Short-Wavelength Turbulence in Plasma Core

« Fast waves at high harmonics of ion-cyclotron frequeny (HHFW) heat
electrons through electron Landau damping and TTMP

» Fluctuations measured by low-angle forward scattering of 280 GHz y-waves

2.0

’
B -

- During RF Before RF
1.5F 3 B .
s A 1000 y y ' : 150
- S 2F 3 7
1.0F 5 & /a0
- L K <+— p
0_5_ A‘]OO_Er‘q E
0 = E 1
£ 02 04 0B 08 10 2 14 16 © ; v d :308
E o0 R [m] - | ] o
% 10 s | 420 &
-0.5 y u 10f

o “B-g-

020 025 030 035 040
Time (s)

o=
ol
w

E 2.0 ! w/2n (MHz)

* Detected fluctuations in range k,p, = 0.1 — 0.4 (k,p, = 8 — 16) propagate in
electron diamagnetic drift direction

—Rules out lon Temperature Gradient mode (k p, ~ 1) as source of turbulence

— Qualitative agreement with linear gyrokinetic code (GS2) for Electron Temperature
Gradient (ETG) mode onset
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Electron Gyro-Scale Fluctuations Can Be Suppressed by
Reversed Magnetic Shear in Plasma Core

« Shear-reversal produced by early NB heating during plasma current ramp

129654 0 24 soc

™

volume

g (EFIT with MSE constraint) .o

ad]
"o | TSRO huttantrt Macaniingsy litdnatts Scatens

11 12 13 14 15
R [m]

Reversed shear Normal shear
; 129354 0.24 sac
. ._4\.' N 35 gac

®/2n (MHz)

» Suppression of Electron Temperature Gradient (ETG) mode by shear-reversal
and high T_/T, predicted by Jenko and Dorland, Phys. Rev. Lett 89 (2002)

ONSTX
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NSTX Extends the Stability Database Significantly

141]
o

—— 12

2 NSTX =" | TASTS

S e el | - k=23

= E X _, ‘l“i * o:. Q ]

%30; (1-3 MW/m A oA G 2 2 1 ° 6av = 06

o ]

v. £ Normal 1. e —

Sp0f Tokamak & 3 10 " Cos 4.0

Lot i1+ By = 5.9% m-T/MA
LB P AT . = 40% (EFIT)
0 2 4 6 8 RN\ 34% (TRANSP)

Normalized current | /a-B; (MA/m-T)

» Benefits of
— Low aspect ratio
— Cross-section shaping
— Stabilization of external modes by conducting plates
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Optimized Plasma Shaping Can Increase 3, and
Bootstrap Current Fraction at High g+

« High elongation k reduces B _, = polp/I cdl, increases bootstrap current
— Sustained k = 2.8 for many t,, by fast feedback
» Higher triangularity 6 and proximity to conducting wall allows higher

* Plasma rotation maintains stabilization beyond decay-time of wall current

2+

P,av

1 .
§ pu SN

Divertor coil upgrade

K =3.0, 0y = 0.8 ==

/ /= 0.45 :

30 :-\*\ Vertlcally
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et )
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M ax
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Non-Axisymmetric Field Correction and Feedback by
External Coils Extend Duration of High-§ Plasmas

Stabilizing plates

6 External
Control
Coils

48 Internal
Sensors

Coils powered by 3 Switching
Power Amplifiers (3.5kHz, 1kA)

— Apply n=1 & 3 or 2 (4) field
components

Without feedback —»| With feedback —»
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t(s)

« Programmed correction of intrinsic n = 3 error field maintains toroidal rotation
» Resistive Wall Mode can develop at high normalized-f: terminates discharge

* Feedback on measured n = 1 mode reliably suppresses RWM growth
— Limitations on time response and applied mode purity explored for ITER

ONSTX
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NSTX Accesses Fast-lon Phase-Space Regime
Overlapping With and Extending Beyond ITER

6 :
51 ]
§af :
><_r. [ ]
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- Alfvén cascades observed at low §, —»
— Reversed-Shear Alfvén Eigenmodes (RSAE)

* Frequency chirping indicates evolution of q,,;,

— Matches q(r) analysis with MSE constraint
 Modes also observed in MAST device

Avaen Cascade Modes
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Identification of f-Induced Alfvén-Acoustic Eigenmodes
(BAAE)

« Energetic particle driven modes frequently seen in NSTX at
frequencies lower than those expected for TAE

» Couples two fundamental MHD branches (Alfvén & acoustic)

NSTX BAAEs, f=103kHz NOVA on BAAEgapin NSTX

200 vty ST 8731

-l
w
o

-h
o
o

N

Frequency (kHz)
R

w
o
N, T

0';. ! ! o )
0197 020 022 024 026 028 030 032

BAAEs P
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Compressional Alfvén Eigenmodes Create
“Angelfish” Features in MHD Spectrum

TRANSP
NSTX 114147 7 NSTX114147 _0.165s
,_\0.6 ] A100 (7 e E pm R L B e e s
T > \
=05¢ X [ 290 kHz < fres < 520 kHz \
= i >
004- A ‘ 4 F E’ 50 —
qC, : { h ¢ (r/a=0.5)
: - = 0.80

%0.3? l \ it W[ Koo
o | | : - S
Ve S R e B o[, el

0.15 0.16 0.17 0.164 0.1645 0.165 -10 05 00 05 1.0

Time (s) Time (s) Pitch Angle (VII/V)

« Compressional Alfvén Eigenmode (CAE) satisfies Doppler-shifted
resonance condition for calculated fast ion distribution (» = w, - K\ V,eam)

— Fast ions modelled with TRANSP code using classical slowing down
« |dentified as form of “hole-clump”, consistent with theory
— Expected growth rate in reasonable agreement with observation
« Controlling fast-ion phase space can suppress deleterious instabilities
— “Angelfish” instability suppressed by addition of HHFW heating
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MHD Instabilities Affect Confinement of Fast lons

* Density profile of fast ions (15 — 65 keV) deduced from Doppler-shifted D,
emission by energetic neutrals created by charge-exchange with NBI neutrals

* During TAE avalanches, measured * Low-frequency (kink) activity
fast-ion losses up to 30% redistributes fast ions outwards
— Consistent with neutron rate drop — Can destabilize Compressional
Alfvén Eigenmodes (CAEsS) in

— Profile remains peaked outboard midplane region

Avalanche

160

NSTX Bell / NIFS seminar / 080916 M. Podesta 15



Energetic Particle Modes Cause NBI-lon Loss Over Range in
Pitch Angle When Multiple Toroidal Mode Numbers Present

119624
1000~ 7~ T T T inci
g—(ldentlcal to A)—)A< g Detector principle
N SN
z | {Qi%
60 f \ @§
5| \\\/
Qa0 ?<
>  n=1 N ﬁ A
8 I n = 2 \1> Slit  pinhole
L 20 [ - N\ :
-t n=3 Image Interpretation
of
5F
OF
_52
5tn=even RTINS
O; et wt. '"vA'AUAVM ﬂ NVAVW
s l
01936 01938 01940 0.1942 01944 0.1946

* Dominant loss close

Time (s) to injection energy

Neutrons drop 13%
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MHD-Induced Redistribution of NBl Current Drive Contributes
to NSTX “Hybrid”-Like Scenario Proposed for ITER

q,.,>1 for entire discharge, increases during late n=1 activity

2.5f
20_ qM|N y—iT\(/)/IA\I\ICS_
1.0t . . -
0.0 0.5 Time (S)ut 1.5
n=1 mode onset

Renormalized neutron rate (10 ‘s’ "

2.5
2.0, A4

1.5

I Measured

10L

-y = 50Ms, p < 0.30, t > 1.158
L Y= 20M7s, p < 0.45,t>1.15s

0.9 1.0
n=1 mode onset

1.1 1.2 1.3
Time (s)

» Fast ion transport converts
peaked J\g, to flat or hollow profile

* Redistribution of NBICD makes
predictions consistent with MSE

(JiB)/{BsRo/R) Profiles [MA/m ]

vvvvvvvvvvvvvvv

Averaging period = 1.2-1.35s

0.8| Calc Total
Reconstruction

0.6

e 50m7s, p<0.3

L fast=0

04

NBICD
Profiles:

0.2, 0 0<0.45

s 50m?/s, p<0.3
0. ...............
%.O 0.2 0.4 p 0.6 0.8 1.0

» High anomalous fast ion transport needed to
explain neutron rate discrepancy during n=1

ONSTX
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Plasma Shaping Reduces Peak Divertor Heat Flux:
Critical for ST Development

12 ———

10 |

Heat Flux
IMW/m?1

'_6 MW DN(5L~0.75)
| (outer strike region)

.~ CHIGap
N 6 MW LSN (3 ~0.40)

6 MW DN (3 AQ.

1:05:0.2

#117407: LSN@0.373s\
#117432: DN@0.316s \
#117424: DN@0.316s

0.6

- Compare configurations with
different triangularity at X-point &,

—lower single-null (LSN), 8, = 0.4
—double-null (DN), 8, = 0.4
—high triangularity DN 8, = 0.75

* Flux expansion reduces heat flux

* ELMs: Type | — Mixed — Type V

(small)

Measure heat flux
to divertor with IR
thermography of
carbon tiles

Bell / NIFS seminar /080916
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Gas Puffing Near X-point Can Produce Radiative Divertor
Without Affecting Core Confinement

6(8) _ NBI
0.6 & ()
0.4 £ x0.
1 02F :
_ 0.0 :
£ 150 £ Stored energy (kJ) == E
100 £ :
2 Pri\{ate flux 50 E._ ._f
riioa 0f , :
i B PP 4 £ Core carbon A £
00 05 Rm 10 15 3 £ concentration 4’:’
Obtained by continuous D, injection through f i 3 i
divertor gap into private flux region 0 :
0.4 §- Core rad. [
Heat Flux 8'3 - power (MW) -
J | oap Dl
) ; 00f ~—
6l / Reference i 8Lt 0P peai ;a/\ E
I 1 = heat =
Discharge 35_ ke Lo o E -
MW i ey ] 2 E 110838 . =
3 4 Radiative 2 Elioee :
i Divertor 0.0 02 _ 0.4 0.6
i . Time (s)
2F Discharge
_ i
o ks : - — Outer strike point heat flux
P EU S T N R R ——— o
~0.10 -0.05 0.00 0.05 0.10 0.15 0.20 reduced to ~20%

R-R., .
' —No change in H-mode t¢
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NSTX is Exploring and Developing
Lithium-Coated Plasma Facing Components

2005: Injected lithium pellets, 2 - 5 mg, into He discharges prior to D NBI shot
2006: LIThium EvaporatoR (LITER) deposited lithium on divertor between shots
2007: Enlarged nozzle, re-aimed at lower divertor to increase deposition rate

2008: Dual LITERs covered entire lower divertor; shutters interrupted lithium
stream during plasmas; evaporated ~200g lithium (reloaded 3 times)

— Also used “lithium powder dropper” to introduce lithium through SOL

Modeled deposition pattern

® LITER (1)  LITER (2)
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Solid Lithium Coating Reduces Deuterium Recycling,
Suppresses ELMs, Improves Confinement

, 129239 (no Li), 129245 (260mg Li) 119339 (no Li), 129245 (260mg Li)
S |p (MA) L ne(1020m3 y ]

_ ¥ «\
0 {=I= ‘ “ — =3N$I (MW)_>ID :“ I

200 WD (k) o T _
OW RN I 177

D, (arb.: " l | l ” I 7 | t=0. | : -0.

[t —— F— P 0.0 IO.5‘ - I‘Il.OI - I1.5 A I0.5I B “IOI - 1.5

0 05 -

el

O 5 | I | 1 i . . .
Or o — — — — 1 Radius (m) Radius (m)
i \ ]
= <neg>(1020m-) ] 8 —
0 : : : : | : : : 1 L | | | | 4
[ <Te> (keV) 7k . o |
I =TT T, & r ﬂ%an ¢ * W
T | | | : : | : 0 S& 6 B %ng . N . * 7
1 B e(O) (kev = e =T ] S 5 DQEM —
= == \ | £ 7L f0oo N ¢ |
O | | | | | | | | | | | 3 '% 4 — m —
] o L |
- T E 5 _
e (W), g° !
i e . 1! 10 = 20 o WihLth Deuterium a
O \ <Zeit> ] g “| | ¢ WithLithium Bt =0.45T, I, = 0.9MA | _
i ] F oL e Without Lithium Png| = 4.0£0. 2MW |
. 0

o
o
(&)
—_
o
o

10 20 30 40 50 60
Time (s) Total fuel electrons (gas + NBI) (1020)

« Without ELMs, impurity accumulation increases P, and Z_;
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Improvement in Confinement with Lithium Mainly
Through Broadening of Electron Temperature Profile

180 20-6““\""\"”""|""
- [« With Lithium . & | [+ With Lithium |
: o Without Lithium : ..:(30'5_ o Without Lithium n DD . |
~ 100k h modl el © a7
2 1% +44% o | L qsgﬁaf“ . ]
Nt - . g ° * o
(|£ | | %O.Sf L 2 ¢ O . —
Voo L _ > - L 4 -
= 50,_ Deuterium ] §0'27 .ﬁ.. |
| |Bt=0.45T i o | Deuterium |
- | Ip=0.9MA Average | - o1~ Br=0.45T, I, = 0.9MA | —
- | Png| = 4.020.2MW +std. dev. J § - Pnpl = 4.0£0.2MW s
00| [ T |1\0\0\ T \2\0|0\ [ B \éoo <0_%-4‘ ‘0\-5| ! ‘0-\6‘ Ll \0\-7| L1 \OI-S\ L |0-9
WMHD<EF|T> (kJ) Internal inductance /;<EFIT>
1.5 T T ‘ T T
I . o o i » Broader electron temperature
1oL R D TR profile reduces internal inductance
L * il . . . .
g ofls ¢ i I and inductive flux consumption in
= L =2l 4 i . .
s | ] current flattop, despite higher Z 4
= 05— 7 cep - .
P Deuterium ] * Lithium increases edge bootstrap
| Itnium = = . )
|5 Without Lithium | |t o e msoon | current through higher p’, lower
0'%_0 0‘_5 ‘ ‘ ‘ ‘ 1.0 CO”ISIOna“ty
<Te> (keV)
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Non-Axisymmetric Midplane Coils Can Induce
Repetitive ELMs in Lithium-Suppressed Plasmas

200
100 -

0.5

O.%

T T T T T 1 T T T T T T T T T
- - lered (KA -
[T ]
- Pww) {4 | |Dgfarb)
e 12
__., " " " " " ; : " " " ! " " " "
Wwhp (kJ) 0 0'5—<ne>(1020m-3 —_—
N, ' =X
0.0 } } } } } } } }
| Prad (MW);& i
R
L - \ i
: <|Te>l (k.ev). | —t —t :0 6 — et
m ] i Radiusim)
0 _ 05 10 bo 05 1.0 Reduced P, and Z 4

Time (s)

Time (s)

* n = 3 resonant magnetic perturbation applied
* 11ms duration pulse at 40Hz optimal for this shape (DN, k=2.4, 6=0.8)
 RMPs have also modified ELM behavior in non-lithium ELMing plasmas

ONSTX
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n=3 Error Field Correction With n=1 RWM Feedback
and Lithium Coating Extends High-g, Discharges

Shot 116313 wB(w) spectrum s msm mowmmm 1 Shot 129125 wB(w) Spectrum  mumm mm e
for toroidal mode number: 1 2 3 4 5 for toroidal mode number 1 2 3 4 5

116313 — no mode control or Li o 120125 ¢
129125 — with mode control + Li

0: . 02;‘04 0.6 08 1. “.l ’ 02l 0.4 06_ 08
Onset of n=1 rotating modes avoided
NSTX record pulse-length = 1.8s

& By = 5 sustained for 3-4 1.4
' - EF/RWM control sustains rotation, high

Flux consumption reduced by

.5 ona! solenoid fiix (Wh) ot / sustained high p + Li conditioning
: * High elongation k¥ = 2.4 increases
o bootstrap current fraction
0.0 0.5 1.0 1.5 2.0
Time (s) I+ Transition to phase with larger, more frequent ELMs
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Initiating, Ramping-up and Sustaining Plasma Current
without Reliance on Central Solenoid Critical for the ST

4 HHFW for ramp-up

of low Ip plasma
CHI or PF-only for (bootstrap + FWCD)
plasma initiation l

and early ramp-up

lp

s/ ECH/ EBWH
P ——> < , >
CHI HHFW HHEw+NB|  time

CHI: Co-Axial Helicity Injection

ECH/EBW:.: 28/15.3 GHz, 200 kW system planned
HHFW: 30 MHz (10 — 20t D harmonic), 6 MW

NBI: effective with enough initial current to confine ions
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Coaxial Helicity Injection (CHI) Generated

160 kA of Toroidal Plasma Current in NSTX

(E 2507 \
| \\ E lp 1
i 200 5
| Toroidal |n§|ated — I 1 Toroidal plasma
| field between inner, KA E E Current after
|| ooz B | outer Shenr 100l 1 ly—0 flows on
| / : 1 closed surfaces
i Poloidall 50 20:1 | 7
field i _leni ]
1 K / L /f‘ \\ \
| | f— Gas, ECH oL =Y \ -

Time = 9.003 ms Time = 11.990 ms

current
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* After I, —0, EFIT reconstructs detachment from injector and
resistive current decay

— Decay rate consistent with T, = 10 — 20 eV

NSTX Bell / NIFS seminar / 080916 R. Raman 26



CHI Initiated Discharge Successfully Coupled to
Inductive Ramp-up with NBl and HHFW Heating

128407
-~ 3 C | CHI Injector Current | :: 12 2
1 CHI Startup/ ! B 1.0F 0.169 sec
06 = j ; — 115 _
04 - / | | :: < 081 =
(MA) 02 - / Plasma Current | = § s
B 1 l 4 ~- 06T 11.072
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O - 1 l = 02F
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(MW) 2 - | Neutral Beam Power ‘ y
0 - | | E *Broad density profile
0 0.05 0.10 0.15 0.20 during H-mode phase
seconds

e Discharge is under full equilibrium control
e Loop voltage is preprogrammed

» With lithium coating, CHI-initiated discharges are more reproducible
and reach higher currents with similar inductive flux
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EBW Can Propagate in “Overdense” ST Plasma to
Heat and Drive Current

« EBW-CD through the Ohkawa effect
— Wave-driven diffusion of electrons across passing-trapped boundary
» Relies on mode conversion to EBW from externally launched e.m. waves

* Investigating physics of coupling to external antenna by measuring
B-X-O mode conversion of thermal EBW in plasma

« EBW-CD can provide off-axis current < Installed radiometers with scannable,
needed to sustain high-p equilibrium obliquely viewing antennas on NSTX

Deposition similar for 40 . . .
14 GHz & 28 GHz and g = 20-40% © . ]
(4 Gz & 28 iz and g = pA0% 8 Beam waist :
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Mode Conversion Efficiency of Thermal EBW from
H-Mode Plasmas Increased with Lithium Deposition

- Satisfactory coupling seen in L-mode but H-mode coupling initially low

—_— mg (O mg/mm) Lj |p= 0.8MA, Te(O) ~ 0.7keV

----- 170mg (11 mg/min) Li
— 290mg (19 mg/min) Li
* T4 increased from ~200eV to ~400eV
« Conversion efficiency increased:
— 20% — 60% for f_,= 18GHz
— 20% — 50% for 2f_ = 28GHz

30} ' ' ' 3

2, 20} :
104 ' p :
' 0 - Transmission Efficiency

57015 20 0 5 10 15 20 0 02 04 06

Li evap. rate [mg/min] Li evap. rate [mg/min] Tlme [S]
- Lithium increases T, reduces L, near B-X-O mode conversion layer

6
4
2

Ln [cm]
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NSTX 12-Element Antenna Array Produces
Highly Directional Fast-Wave Spectrum at 30MHz

HHFW antenna extends toroidally 90°

_900 CO‘CD
spectra

Power (A.U.)

-20 -10 0 10
k(m™)

 Need directed waves with k, = 3.5 — 7m"" for HHFW-CD current drive

20

RF Power Sources Decoupler
5 Port | | | | | |Elements

Cubes | ‘/

12 Antenna Straps

Pair of straps for each source 180°
out of phase

Phase between adjacent loops
adjustable in real-time 0 — 180°

Full 12-element array operation for
A¢d = £30° (£30°) £180°

Large B pitch affects wave spectrum

in plasma core
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Heating Efficiency of HHFW Improves at High B; and k|,

- EXxcitation of surface waves reduces power available for core heating
» Onset density for FW propagation n « B k2 / w

3 : -
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At fixed B; = 0.45T, electron
heating efficiency degrades
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ONSTX
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Lithium Coating Partially Restores HHFW Heating
Efficiency at Low k; and in NBl H-mode Plasmas

Core Electron Heating in

Without lithium, increase in Deuterium NBI H-Mode
W5 during HHFW pulse  ootron Temperature (keV)
vanishes for A¢ < 60° 1.6 MW HF

| 2 MW NBI ™~

35
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w
o
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~ Without i

= lithium

;2 20 . 020 . : ) . \ , ool
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é’ .l HHFW-CD lithium _ 129381129386 0.482 sec |
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MSE Shows Change in Core Field Pitch Angle
for Current-Drive Antenna Phase

20

MSE E, (vQ only) Corrected
Pitch Angle Profiles

MSE Toroidal Current Density

Time = 0.4 sec

123435 -90° Phase
123436 -60° Phase
123439 NoRF

.z Equilibrium Fit ——
' MSE —

0.4
pE (wN)”2

* J, obtained directly from MSE data
using LRDFIT magnetic surfaces

11 1.2
Major Radius (m)

1.0

* Integral over j, peak for -90° phase
indicates ~15kA of HHFW-CD relative
to no RF case inside R=1.2m

ONSTX
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NSTX is Revealing New Physics in Toroidal Magnetic
Confinement and Developing the Potential of the ST

* Investigating the physics of anomalous electron transport

— Electron transport dominates as a result of ion-scale mode suppression
Extending the understanding of MHD stability at high

— Extending pulse length through active control of low-n modes
Examining stability and effects of super-Alfvénic ions

— Measuring transport of fast ions due to spectrum of Alfvén eigenmodes
Developing techniques to mitigate high heat fluxes on PFCs

— Extreme flux expansion and creating radiative divertor
Assessing the potential of lithium as a plasma facing material

— Solid lithium coatings of PFCs reduce recycling, improve confinement

— Liquid lithium divertor will be installed for experiments in 2009
Developing alternate methods for plasma startup and sustainment

— Coaxial Helicity Injection can replace inductive initiation
— Investigating physics of RF current drive: EBW-CD, HHFW-CD
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In 2009, NSTX Will Begin Investigating
Liquid Lithium on Plasma Facing Components

Liquid Lithium Divertor (LLD)
' *Replace rows of graphite tiles in outer
lower divertor with segmented plates

*Molybdenum surface on copper
substrate with temperature control

— Heated above Li melting point
180°C

— Active heat removal to counteract
plasma heating

« Initially supply lithium with LITER and
lithium powder dropper

« Evaluate capability of liquid lithium to sustain deuterium pumping
beyond capacity of solid film

« Upgrade to long-pulse capability will require method for core fueling
« Compact Toroid injection or frozen deuterium pellets
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NSTX Research Contributes to Fusion Energy
Development, ITER Physics and Plasma Science

« Determine the physics principles of ST confinement
— Limits, scaling, control, heating schemes, integration

— Utilize low aspect ratio to address basic physics of toroidal
confinement

« Support preparation for burning plasma research in ITER

— Participate in the ITPA and USBPO

« Explore possibilities for a Plasma-Materials Test Facility or a
Component Test Facility (CTF)

— High heat flux or neutron fluence in a driven system
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During Magnetic Braking, Rotation Profile Follows
Neoclassical Toroidal Viscosity (NTV) Theory

* First quantitative agreement
with NTV theory

— Due to plasma flow through
non-axisymmetric field

— Trapped particles, 3-D field

Magnetic braking due to
applied n=3 field

= 116931

- t=0.360s :h/eory _ spectrum important
: { measured '

— Computed using experimental
equilibria

N W b~

* Necessary physics for
simulations of rotation
dynamics in future devices
(ITER, CTF)

Tty (N m)

—
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Quasi-Continuous RSAE and Bursting AE Avalanche
Produce Characteristic Signatures in lon Loss

MIATE 120107
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Imaging of Plasma Edge Contributing to Understanding

Edge Turbulence Phenomena (Blobs, ELMs)

Measurements of “blob” propagation
connect to evolving theory

ELM dynamics and rotation measured

Shot 119318 668.343-668. 434 ms, max 300 Shot 119922, 605.445-668.536 ms, max 500
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Divertor Power Loading Critical Issue for the ST

Midplane heat flux SOL in NSTX Peak h?at Ifluxblncreases with power
broader than models predict as outer leg becomes connected
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