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Outline

 Introduction to NSTX & the HHFW Research Program

* Improved HHFW heating with lithium conditioning
» First Core HHFW electron heating observed in NBl H-mode

» Significant RF interaction with NBI fast-ions

* RF interaction with plasma edge, ELMs & divertor
» Direct RF power flow to divertor, RF edge heating & clamping
« Recent results with new double end-fed antenna

» Increased arc-free power capability, RF H-modes in He & D,

* Summary
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Outline

=) . |ntroduction to NSTX & the HHFW Research Program
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NSTX Designed to Study High-Temperature
Toroidal Plasmas at Low Aspect-Ratio

Slim center column
with TF, OH coils

Graphite/CFC PFCs
with lithium coating

Aspect ratio A
Elongation «
Triangularity o

Major radius

Toroidal Field By,
Plasma Current Ip

Auxiliary heating:

NBI (100kV)
RF (30MHz)

Central temperature
Central density
Toroidal beta

1.27 -1.6
1.8-3.0
0.2-0.8
0.85m
04-055T
0.7-1.5MA

7 MW

6 MW

1 -6 keV
<1.2x1020m-3

10 -40 %
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HHFW Heating & Current Drive (CD) Developed for
Non-Inductive Ramp-up, Bulk Heating & q(0) Control

« Ultimately Spherical Torus needs to run non-inductively

t Non-Inductive Strateqy

|, Target [KA]

HHFW Goals

|
~750

~500

~300 -

Time |

A
\ 4
A

<
h |

‘ (3) HHFW + NBI
(2) HHFW

(4) Sustain with
(1) CHI, PF, Guns HHFW + NBI

(1) HHFW couples to
Start-up plasma

(2) HHFW for I, overdrive
through bootstrap &
HHFW CD

(3) HHFW generates
sufficient I, to confine
NBI ions

(4) HHFW provides bulk
heating & q(0) control
in H-mode

@NS TX Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010




HHFW Antenna Has Well Defined Spectrum Ideal for
Controlling Deposition, CD Location & Direction

Antenna Phase (A9)

- y — 180°(k,=14+18 m™)j

' Heating

g | == -150°(k,=-13 m™) |

I Heating

s -90°(k,=-8 m")
Heating & CD

- +=-30°(k,=-3 m")
Heating & CD

HHFW antenna extends toroidally 90°

30 MHz RF Power Sources Decoupler . vl -
5 Port L] ] ] Elements TR r\
Cubes / P AI AW -

» Phase between adjacent straps (A¢)
easily adjusted from 0° to 180°

Relative Power (arb. units)

12 Antenna Straps

@NS TX Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010 6



Core Heating Efficiency Degrades with Decreasing k,
in He & D, L-Mode & D, H-Mode Plasmas

Pre~ 1.8 MW Pre ~ 1.1 MW
(~ 80 ms duration) (~ 230 ms duration)

30+ L-Mode || 30 L-Mode |
20f . 20 i
AW, r i AW g ]
10F - 10 i
. I | Helium | I | Deuterium ]
150 100 -50 0 07450 00  -50 0

Antenna Phase (degrees) Antenna Phase (degrees)

Decreasing k, Decreasing k,

» Also measure a degradation in core heating efficiency with decreasing
k, In D, H-mode

J. Hosea, et al., Phys. Plasmas 15, 056104 (2008)
C.K. Phillips, et al., Nucl. Fusion 49, 075015 (2009)
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Strong Single-Pass RF Damping; Edge RF Power
Losses Near Antenna Dominate

AORSA: |Egg] field amplitude for + Maximize RF heating efficiency

= _ -1
k, = -8 m~ & 101 n, modes (Neg) in NBI + HHFW plasmas by
Plasma Cross Section understanding & mitigating edge
at Antenna RF Iosses
» Important for ICRF on ITER

* n.sdegrades when n_ near
antenna exceeds critical density
(n) for perpendicular fast wave
propagation

* Li conditioning reduces edge n.;
moves n_; away from antenna &

Plasma Toroidal Improves 1
Midplane

Antenna

« Studying RF edge loss in NSTX
& RF interaction with fast-ions
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Outline

=) . |mproved HHFW heating with lithium conditioning
» First Core HHFW electron heating observed in NBl H-mode

» Significant RF interaction with NBI fast-ions
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Li Evaporators, Li Droppers & Fast IR Cameras Provide New
Capability for Controlling & Studying RF Edge Interaction

- -o

Jf S - N Fast IR camera for studying
7/ NNNNNNSINN BTN \
g ELM-resolved heat flux

Fast IR
camera

'/////////////

Dual Liquid L|th|um
Evaporators /

Three bolometer views for
studying divertor radiation

Liquid Lithium Divertor
(2010)
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Lithium Wall Conditioning Enabled NSTX Record
T,(0) in He & D, in L-Mode with Pre~ 3 MW

B(0)=055T Helium: T,(0) = 6.2 keV
T 80— 135260
ky = -8 m-"
(PRp=27MW
5 . . . 1292.45 129239 Te i (0.298 s)
Deuterium Time=0732s (keV) No RE
N - (0.198 s)
LT | g
e .=~ - No Lithium ~ RADIUS(m)
(x1018m3) | —f- ] _— _
Deuterium: T,(0) = 5.2 keV
’ 6 i i i i i 129343
I ke=-8mt ]
0 T _PRF_
1.42 154 e 028
RADIUS (m) (keV)
[ (0.148 s)
- Lithium reduces edge density —

improves core heating efficiency 02 Rpapus(m) 6
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Ohmically-Heated Helium Target Plasma Transitions
to H-Mode During 2.6 MW HHFW Pulse

Shot 135260 g Electron Temperature (keV)
0.298 s
H-Mode
| 0.465 s
3 | , . . <—>I | 135260 8
=-8m-’ | |
et | Ve Wy
i . | ]
p_ rf N\T(0) ~ ] '\‘ T.(0)
| |
(MW) L . ' keV) pl=—o————
I e | | ) , Electron Density (x1019m-3)
neL I I \ lp | | | I | I
_ H-Mode
(x1019m-2) | : : (MA)
I I ]
B : |p_> I i L-Mode
0 | ! ' 0
0 0.6
Time (s) _
002 1.6
' Radius (m) '

@NS TX Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010 12



Ray Tracing Simulation Predicts > 90% of RF Power
Deposited on Electrons Inside p ~ 0.6

Shot 135260

21 Time = 0.298 s 0.8l
| L-Mode
Power : Q. = 98%
Depositison ) Q: = 20,
(chm ) | QHe = ~0%
|
|
ob = = — 0
0 p

— — -1
P =1MW,k,=-8m",

He with 3% H

GENRAY
| Time =0.465 s
: H-Mode
| Q. = 97%
| Qy = 3%
| Qe = ~0%
I
I
4 - - - — - — — .
0 1

« Broader HHFW power deposition during H-Mode

DONSTX
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Lithium Wall Conditioning Enabled HHFW Heating of
Core Electrons During Early |, Ramp

Time =53 ms Compare

0.2 no RI-; Profiles

TIME (s) 0.1

« Core HHFW electron heating also
measured during CHI start-up

* High-bootstrap fraction HHFW heating
experiments planned for 2010
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Lithium Enabled Significant HHFW Heating of Core
Electrons During Some D, NBI-Driven H-modes

129381 129386

1.6 MW RF
2 MW NBI

2 MW NBI

1 0.482s

MAJOR RADIUS (m) 1.6

1 0.482 s

MAJOR RADIUS (m)

1.6

10482 s

0 —
02 MAJORRADIUS(m) 1.6
k,= 14 & 18 m"
B.(0) = 5.5 kG

Li Conditioning

« At B;(0) = 4.5 kG & without Li, HHFW
did not heat core of D, NBI H-mode*

*B. LeBlanc, et al., AIP Conf. Proc. 787, 86 (2005)

DONSTX
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Ray Tracing Predicts ~ 90% RF Absorption by
Electrons During RF + NBl H-Mode

RF+NBI Shot 129386

0.25

Power
Deposition
(W/cm3)

0

Q. = 88%

QH = 7%

_ Time=0.48s
Qfast™ 9% | (End of H-Mode)

|| Shot = 129386
| GENRAY

| Electrons
N .

P = 1MW
ko=14+18m™"
D with 3% H

Toroidal View”

/, Pt {\
N\
‘\
|
|

Antenna
Strap

Poloidal View”

* Rays end when 99.9% of RF power is absorbed

‘ Antenna
Strap

- NBI fast-ion density and effective temperature provided by
TRANSP transport analysis of similar NBl-only H-mode
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H-mode Initiated & Maintained Through ELMs with
Pre~ 2.7 MW During ~ 2 MW D, NBI

135340 8

6 - .
-H
n L 7
Double | | Transition © /‘g’
End-Fed | u

Antenna

I
|
I
[ ]
neL

(1019m2) :/_/

5
| 2
| | o
/] : - Time =0.282 s
Pyl K, =-13m" (MW) ¢ 0.298 s
0 = ' 0 e
02 0-5 0o 2 1.6
TIME (sec) - RADIUS (m) -

* Transition to H-mode occurs after RF turn on and without RF arc
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Broader RF Power Deposition at Higher k;
During RF-Heated NBI H-Mode

Pre= 1MW Q. = 63% Q. = 86%
0.353 s Qpst= 29% Qpaet= 13%
. QH = 12% QH = 1%
D with 3% H
p =8 »="13m" GenrAY
03t Shot = 130621 | [ Shot = 130608

Total -

Power

|

|

|

| Electrons
Deposition !

|

|

|

(W/cm3)

X

Electrons

« Strong competition between RF heating of NBI fast-ions and electrons,
particularly near magnetic axis
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RF Deposition to lons Increases Significantly at
Lower k, During RF-Heated NBI H-Mode

100 - - l ' T 130608
GENRAY

| (8% HinD) Electrons i

Fraction of i
RF Power

Absorbed L i

(%)
Dfast
L . — — -
_Dtherm \\“~~§°__
O i el T "SR ___-_x_-=.‘__—_|—?
2 6 10 14
ko (M™1)
@ NSTX Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010 19



Fast-lon D, (FIDA) Measurement Shows Significant
Interaction Between HHFW and NBI lons

BT(O) ~ 5'5 kG 742128758 Fast-lon D, Measurements
EAARAAAANAAN E,= 30-65 keV, TIME = 0.29-0.36s
(II:\)/IIW) : ] 7y 8Qp  99Qp 10,  11Qp
- s o——r — —_
O I , . _ ' 5) i E ¢ : 128]/39, 128740,1287|41,128742
Pre e @
(MW) i kq) =-8m 5 —
ol e — = 3T -
Neutron 4 Q =~
Rate [ o |
(103s1) [ = NoiRF i
1 , 'No RE O 0 Li L1 ! ] .
0.2 04 < 1.0 1.2 1.4 1.6

O
o

Time (s
) Major Radius (m)

« Large increase in neutron rate during HHFW + NBI plasmas

« FIDA measures significant enhancement & broadening of fast-ion
profile when HHFW power is applied to NBI plasma*

*D. Liu et al., Plasma Phys. Control. Fusion 52, 025006 (2010)
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Integration of TORIC Full-Wave Solver into TRANSP
Provides New Capability to Model HHFW in NSTX

« TORIC* full-wave solver, that can compute HHFW propagation
and absorption in NSTX, now included in TRANSP

« TORIC calculates power deposition into all species, including
fast-ions

» No RF Monte-Carlo Fokker-Planck operator presently in TRANSP

» Self-consistent calculation of fast-ions not available for RF-heated
NBI plasmas

» Use CQL3D Fokker-Plank code to estimate neutron rate
generated by fast-ions

*M. Brambilla, Plasma Phys. Control. Fusion 44, 2423 (2002)
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TRANSP/TORIC Modeling Predicts RF Absorption by

NBI Fast-lons Lasts Well After NBl Turn Off

4 TRANSP/TORIC
— -1 ! ! ! 129354 _r803
k,=-8m Py
Power |
(MW)
0
5 T T T
Power | Pnbi |
(MW) - \ / Nast _
Nfast - -
(10'%/cm3) - .
0 : A
0.1 0.2 0.3 04 0.5

Time(s)
« All rf power absorbed by electrons prior to NBI pulse

« After NBI turn-on, the fast-ion population absorbs HHFW power
at the expense of the electrons

» Trend confirmed by single time point calculations with AORSA,
GENRAY and TORIC
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RF Power Absorption by Fast-lons Decreases as
Fast-lons Thermalize During RF-Heated NBI H-Mode

Shot 130608

k, = -13 m"

5 TRA[\ISP/TOR!C | 130608
- Prf\ Qelect. .

Power T—TL F
(MW) T i

A
i | ) / PH HI\ i
fast 1—;
O ] ﬂ ﬁ i
0.2 Time(s) 0.5

 Electron 3 increases with time as density rises, increasing RF

heating on electrons
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CQL3D Simulation Predicts ~ 40% of RF Antenna
Power Coupled to Plasma for k, = -13 m™? Heating

* P;used in CQL3D modeling reduced to match simulated and
measured neutron rate _ y
k¢ =-13m

25 ' T .\ T T
R. Harvey 100% Pnc caL3D Shot

- GompX / 130608 | -
40% Py NBI only

Neutron [
EXPT: NBI+RF
Rate ~

(X1014/S) TRANSP

\ EXPT: NBI only

NBI HHFW

Time(s) 0.6

@NS TX Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010



Outline

=)+ RF interaction with plasma edge, ELMs & divertor

» Direct RF power flow to divertor, RF edge heating & clamping
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1-D Full Wave Model Predicts P ~ 100-200 kW Can
Drive PDI; Pg Needed to Drive PDI Falls with k;

C-Ill Passive Spectroscopic T, 1-D Full Wave Model Shows
Shows PDI Heating of Edge lons Dependence of PDI Threshold on k
0.4 129676, 677 57&1::
R =1.500 m
1 - 80 :
o = I e k.=3 77‘1
o M k. =8m"
Poloidal E 5 0] ROEREES
T, (eV) oz |
| E — i
Z qc) 40
2 & |
e | |<—PDI Threshold
— 0O | |
0 T O G. Chen (ORNL)
0.4 0.45 0 —
Time (s) 0 0.1 0.2

RF Power (MW)

* Previously estimated 16 - 23 % RF power lost to PDI, through collisional
coupling of energetic ions to edge electrons”*
*T. Biewer et al., Phys. Plasmas 12, 056108 (2005)
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Toroidal Edge Rotation Appears to Lock During RF,

Especially at Lower k;

V,,, Measured by Charge Exchange Recombination Spectroscopy
R=145m
40 T T T T — ;665 60 T T 120663
Carbon-VI R=145m ) o Edge Vi, freed
1 L40 ms* after RF turnoff
= -(35+ -
kq’ (3+8) m - (after RF) (Measurement) -
® | 30 ms
— 40 ms = B esio
2 - - 37
= s r -20ms ‘o .
S Sob - Fr |
> e >0 3
10ms” N o 7 J0ms 0ms
! 9} 4 bl
20 ms i (before NBI) L 1
Pngl =2 MW Vior before NBI Pulse Edge Vio locked
Poc =11 MW During RF (Projected) during RF
0 1 RF 1 1 1 -40 1 1 1
0.38 0.40 0.42 0.8 1.0 1.2 1.4 1.6
TIME (s) RADIUS (m)

* Mechanism not understood, but may point to edge ion loss
« RF apparently provides a drag on core plasma rotation as well
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Large Type 1 ELM Often Follows HHFW Power
Turn-off or Arc During D, H-Modes

k, = -13 m-"

0.353 s
0.320 s

0.287 s
. 0.253 s

« Strong edge pressure
gradient appears to

ol
0.2

RADIUS (m)

lead to ELM

« Arcs occur prior to
excursion of D, light

e Similar behavior observed
for k, = -8 m™" heating

130608

250
| L"‘ Wiot
| (kJ)
I~
Ly I. 50
0.2 0.3-~_/0. 0.5~
Large ELM  TIME(s) \ Large ELM
_ after RF arc /// :;\ after RF Turn-off
| ] ]
P 2 M) N
(MW) RF
@l N
D, div
o | O 1 |
0.37 0.38 0.50 0.51
TIME (s) P = 2 MW TIME (s)

DONSTX
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Particle Eruptions from Antenna, Observed with
Antenna Arcs

Visible Cameras, Sometimes Result in
Visible TV Camera Li Coated |TINGL 08 T
_ - Antenna §§F ] .lll
NSTX_135232.cin eSS T
===

Clean

Antenna

Hhantaom <Time (ms)

* Arcs probably occur when
particles enter high voltage
region inside Faraday shield -

29
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Visible & IR Images Show Significant RF Power
Flows to Divertor, Particularly for Lower k, Heating

V|S|b|e 135333 135334 (.],4523 Bay | IRTIV .
Camera Ll IRCamera | P__ =26 MW
(with NBI-only ,EF 8 m)
light subtracted) \Kp=-om)
i Prai =2 MW \
P, =2MW

Pyg = 2 MW

O 1 i 1
JIR-View % 0.2 Radius (m) 1.0

"Hot" region in outboard divertor more
pronounced at k, =- 8 m™ than - 13 m™’

« Linked along field lines to scrape-off
plasma in front of antenna

« 3 MW/m? measured by IR camera
during 2.6 MW of k, = - 8 m™ RF heating
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Summary Results & Plans for HHFW Coupling &
Heating in H-mode Plasmas During ELMs

« Plasma conditioning of antenna to high power is required to
avoid antenna arcs

» Sputtering appears to be the cause of the arcs observed previously
in ELM-free case

-+ Arc produces faster change in reflected power signal than ELMs

» Electronic ELM/arc discrimination system to be tested in 2010

« Edge losses are larger when ELMs are present
» Divertor RF heat pattern depends strongly on magnetic field pitch

« Effect of ELMs on HHFW edge heating will be quantified in
experiments later this year
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AORSA Full-Wave Model with Boundary at Walli
Predicts Extensive RF Fields in Scrape-off at Low k;

k¢= 14 m-1 k(1)=8m'1 k¢=3m'1
2-D AORSA Full Vessel —~
Wave Model : el
|ERF| Field Antenna
Amplitude
Fast Wave
Cutoff |

* Initial 2-D full
wave results
now being
extended to 3-D

D. Green (ORNL)
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=) . Recent results with new double end-fed antenna

» Increased arc-free power capability, RF H-modes in He & D,

@NS X Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010
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Double End-Fed Upgrade Installed for 2009
Campaign Shifts Ground from End to Strap Center

Original RF Feeas

M)
|
| |

« Goal was to bring system
voltage limit with plasma
(~15 kV) up to its vacuum
limit (~25 kV):

» Would increase power
limit by ~ 2.8 times

» Tests whether electric field in
strap/Faraday shield sets
limit for plasma operation

\\| New RF Feeds
Added for 2009
Run Campaign

Previous Ground

@NS ] )( Hefei IPP Presentation — Recent Advances in HHFW Research on NSTX (Taylor) April 7, 2010
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Transmission Line Modifications

Original

3)\/4 (7.5 m)

Transmitter power

T
5M/4 (12.5 m)
v
Upgrade
T
Transmitter power

—> <

] A2 (5 m)
—
_>

— A2 (5 m)
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HHFW System Upgrades Completed by June 2009

N W
I N7
y N

i ,,‘ ’

12 new double-fed
antenna straps were
installed inside NSTX

* In-vessel strap upgrades completed
In December 2008

« External transmission line upgrades

completed in June 2009 | - Wy,
« Operated RF into plasma July & Approximately 60 m of additional
August 2008 A/2 loops were installed outside

NSTX
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Double End-Fed Antenna Performance Significantly
Improved in 2009 Compared to 2008 Operation

New antenna reached 2-3 MW more quickly than in past
» No substantial increase in system voltage limit during initial operation

» Vacuum & plasma conditioning increased power levels throughout
initial run, removed Li coatings from antenna

» Currents flowing on antenna frame/Faraday shield may determine
arcing threshold

Coupled > 4 MW into He L-mode

Record T,(0) ~ 6.2 keV with P~ 2.7 MW

Allowed study of L-H & H-L transition in He & D with RF

Extensive RF vacuum & plasma conditioning campaign in 2010 to
evaluate new antenna performance
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Outline

=). Summary

DONSTX
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Summary

» Significant progress in heating NBl H-mode & during early |, ramp

» Li reduced edge n, enabling first core HHFW electron heating
during NBI H-mode

» Coupling maintained through L-H transition and during ELMs

» Competition between RF acceleration of NBI fast-ions & direct electron
heating, particularly at lower k,

« Fast-wave interaction with the edge & power flow to divertor may be
an important RF power loss mechanism, particularly at low k,

 First operation of the double end-fed antenna has been encouraging

» Increased arc-free power capability & produced RF H-modes in He & D,

» In 2010 use upgraded antenna with new liquid lithium divertor to improve
coupling in H-modes and during |, ramp
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