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INTRODUCTION
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High-Harmonic Fast-Wave (HHFW) heating on NSTX supports
non-inductive |, ramp-up and bulk electron heating
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* Future spherical torus devices need to operate without a central solenoid:

» HHFW enables fully non-inductive |, ramp-up through bootstrap current drive
(BSCD) and direct fast-wave CD (RFCD) during early HHFW H-mode

» Also provides bulk electron heating of NBl H-Mode during | flat top
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TSC modeling* predicts 5-6 MW of HHFW heating can achieve
fully non-inductive |, ramp-up in NSTX

500

Power
(MW)

tofal|N|/| ot~ —| «  HHFW provides heating & CD
tota BS atlow |, and T,
v Ty
| /// T - * HHFW-assisted |, ramp-up
1/ HHFW started at 100 kA
NBCD > 6 MW HHFW (k, = 8 m)
Total ——— Co-CD phasing
| B BLE W
: | » 6 MW NBI added when
/.r |, =400 kA (only 2-3 MW
7 NBI absorbed due to slow |, ramp
|/ rate in 1.8 s plasmas)
Time (S) 1.5

[*C. E. Kessel, et al., Nuclear Fusion 45, 814 (2005)]
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Improvements in HHFW heating since 2005 support
development of HHFW-assisted |, ramp-up

* Since 2005 approach to developing HHFW-assisted |, ramp-up has
been to heat low |, plasmas (I, ~ 250-300 kA)
2005:
e Transiently generated 85% BSCD in HHFW-heated B; = 0.45 T,
|, = 250 kA H-mode with Pge ~ 2.8 MW, using heatlng
antenna phasing (k, =14 m- 1) 250

/

Total
Current

e Plasma position control system _
(PCS) could not maintain antenna- "
plasma gap at L-H transition, causing
HHFW power to trip off

2006: % Time (s) 0.5

e« HigherB; (0.45T = 0.55 T) resulted in improved HHFW

heating efficiency in |, 2 600 kA L-modes
2007-9:

 Reduced PCS latency & Li conditioning improved HHFW heating

efficiency in H-modes at |, 2 600 kA

Bootstrap

Current \ P
ower

12 (MW)
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Experiments in 2010 studied HHFW H-Modes
and NBI+HHFW H-modes at |, = 300 kA, B{(0) =0.55 T

 Achieved non-inductive fraction (fy;) ~ 0.65 with only
1.4 MW of HHFW power, using co-current drive antenna
phasing (k, = -8 m™"), in HHFW-generated H-mode

« Attempts to heat NBI-generated H-mode with 1.4 MW of
HHFW power produced only f, ~ 0.45, due to significant
RF-enhanced fast-ion interaction with antenna

NSTX 53rd APS DPP Meeting High Non-Inductive Fraction HHFW H-Modes (Taylor) November 16, 2011



NSTX HHFW SYSTEM

NSTX 534 APS DPP Meeting High Non-Inductive Fraction HHFW H-Modes (Taylor) November 16, 2011



Well defined HHFW antenna spectrum, ideal for studying
phase dependence of heating & current drive (CD)

“Antenna Phase (M))
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o ) o P
12-strap antenna extends toroidally 90 - TR LA -
T "\
30 MHz Power Sources P AR )
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Decoupler « Many fast wave ion

Q‘Q’Q clements resonances: 7-11 Q;
O

« Strong single pass direct
absorption on electrons

12 Antenna Straps

NSTX 53 APS DPP Meeting High Non-Inductive Fraction HHFW H-Modes (Taylor) November 16, 2011 o PPPL @



Arc-free HHFW power limited to £ 1.4 MW in 2010

« Double feed antenna upgrade in
2009 designed to bring system
voltage limit with plasma (~15 kV)

\( to limit in vacuum (~25 kV):
,_:(,/ ‘ , ,

Original RF=

< > Increasing Pgr ~ 2.8 times

NeW Ground « Upgrade was beneficial; reached

arc-free Pge ~ 4 MW after a few
weeks of operation at the end of
2009 run

. \ - In 2008-9, Li conditioning enhanced

: HHFW coupling, butin 2010 a
\\‘\\ N combination of massive Li injection,
ew RF .
Feeds no boronization, and no between

shots glow limited arc-free
Previous Ground Prr 1.4 MW *

[*P. M. Ryan et al., Poster PP9.00063]
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HHFW-Generated
Ip = 300 kA H-Mode
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Most |, = 300 kA HHFW H-modes run in 2010 did not show
sustained core RF heating, even with good outer gap control

* Large increase in T,(0) and W,, as RF power ramped up
* But T,(0) and W, collapsed near start of flat top in RF power

» PCS controlled antenna-plasma outer gap through the L-H transition
and during most of the H-mode, except at a large MHD event ~ 0.39 s

H-Mode
2.3 (138498 _ = 3
L
(1O?8m'2) |, =300 kA
B-(0)=055T
Deuterium
0 kq) =-8 m‘1
0.2
Outer Gap
(m)

0

: — - Radius (m)
Time (s) 0.5

o
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GENRAY predicts that if RF coupling efficiency, 1 ~ 100%,
there should be good on axis heating even late in H-mode

L T T T T
TR ~.N,(x10™m?) For 1 MW coupled to plasma
Shot 138498 o 115
Time =0.382 s i
I, =300 kA RF Power > 95% to electrons
Deposition
BT =55kG (MW m-a)
Deuterium N I i i
0 r/a 1
RF H-mode ' .
GENRAY | ; —
41 Rays
k =-8 m
¢
RF-Driven
Z(m) OF Current IRFCD ~ 50 kA/MW
Density )
(MA m?)
Ak
GENRAY/ADJ-QL
0 0 | L |
0 r/a 1
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Time dependent TRANSP-TORIC modeling, assuming
Ness = 100%, also predicts sustained heating and current drive

* The observed decreases in core

Time ZL;E;‘SAY electron heating appears to be
TRANSP-TORIC y \36408E0 1 due to a large drop in n during
300 2 | | . |I | : RF pulse
LP * Mot~ AW/(T"Pre)
|
200 - | | | « At0.382s:
I
Current | Boostap AW;~ 15 kJ
(kA) 100 | t~20ms

Pre~ 1.4 MW) > 1.0~ 50%

For n +=50%
lgs 50 kA

-100 | |

01 02 03 o4 05

Time (s) ) fy, 0.25
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Eventually achieved sustained |,= 300 kA H-mode with
internal transport barrier (ITB) by lowering plasma density

* Reduced plasma density resulted in sustained HHFW-generated H-mode
that reached T,(0) ~ 3 keV with only 1.4 MW of RF power

« Combination of ITB and higher T.(0) significantly increased BSCD
and RFCD

H-Mode
|
1.5 38506 ) :
T4(0) 7 —
I i N I, = 300 kA
n | | b
neL es ! _ 2 BT(O) - 055 T
(10"°m-2) ‘ .
i Deuterium
W
| | ot l kq) - - 8 m-1
I ITB |
0 : —u -_|_0
0.2} B |
Outer Gap|
(m) o L=
05 02 Radius (m) 16
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GENRAY predicts peaked RF deposition on electrons and RF
CD efficiency . ~ 115 KA/IMW

|
For 1 MW coupled to plasma

| |

> 95% to electrons

—

lnrep ~ 115 KA/MW

GENRAY/ADJ-QL
" i |

0.4 T
Shot 138506 3|y~ 0, (x10"m?) |,
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_ ower
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0 r/a 1
GENRAY | —
41 Rays
k =-8 m"
o _
. ok RF-Driven
(m) Current ||
i Density
(MA m?2)
Ak
0 00 |

r/a 1
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TRANSP-TORIC simulation, assuming n .+ = 100%, predicts
= 220 kA and lgxecp = 120 kKA

IBootstrap

TORIC-TRANSP modeling for n.4 = 100%

Time of GENRAY-ADJ analysis

138506803
l I

l

300 - . 3
o
P
Bootstrapy
200 .
« TRANSP-TORIC predicts
Current Ecp~ 85 KA/IMW at GENRAY
(KA) 100 analysis time:
» GENRAY E.p~ 115 KA/MW
0 | |
|
P..=1.4MW
-100 | I | | |
0.1 0.2 03 04 0.5 0.6
Time (s)
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80% of the non-inductive current generated inside ITB;
Actual n 4~ 60% - f,, ~ 0.65

TORIC-TRANSP modeling for n = 100%

138506B03

1 T T T 1
1000 e A
Current AW;~ 15 kJ
Density g/ Bootstrap -y T~15ms
(kA m?) P Pee~ 1.4 MW
m‘
200 = D N~ 60%
Area
Integrated [~
Current Bootstrap For n.« = 60%
(KA) [ / FA
RF
| | | | | | | |

0 0.2 0.4 0.6 0.8 1.0
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HHFW-Heated |, = 300 kA
NBI H-Mode

NSTX
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Coupling Pg = 1.4 MW into |, = 300kA, Pyg, =2 MW H-mode
resulted in significant fast-ion interaction with antenna

— NBI+HHFW
NBI

3

140352/3
T T 2

- neL
i (x10°m"®)

|

— <« nonset at

0 Time (s) 0

6 R=1.56 m

* 350% of injected NBI fast-ions promptly lost at this low |

« Core density increased during HHFW heating due to NBI fast-ion
interaction with the antenna

* n, @R =1.56 m > onset density for fast-wave propagation (n
=2 N ONly ~ 40%

onset)
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40% of coupled RF power accelerates NBI fast-ions that are

mostly promptly lost at this low |,

Shot 140352 il
Time = 0.450 s :
I, = 300 kA -
B,=055T i
Deuterium 0

(0450 s

~ao
-—

=~

140352 ]

NBI+HHFW H-mode ©

GENRAY
41 Rays
k,=-8 m-"!

Z(m) O

R(m)

1.5

04

RF Power
Deposition
(MW m=)

| 'V Total
_—Deposition
Electron
Deposition

Fast I.o_n/,x\gv\
Deposition

For 1 MW Icoupleclzl to plalsma

RF-Driven
Current Irrcp ~ 20 KAIMW
Density
(MA m?2)
GENRAY/ADJ-QL
0 | |
0 r/a 1

NSTX

53rd APS DPP Meeting

High Non-Inductive Fraction HHFW H-Modes (Taylor)

November 16, 2011

®))PPPL 2



NBI+HHFW H-mode had fy, ~ 0.45, significantly lower than the
HHFW H-mode, due to lower T (0), n.+ and higher n,

TORIC-TRANSP modeling for n.4 = 100%:

TRANSP-TORIC 140352B04/140353B03
[ | I [ | = —1
Time =0450s -

300

For ng; ~ 40%:
Area % HHFW+NBI  NBI
In(t:ﬁ:::id lgs (KA) 60 kA 40 kA
(KA) Iyg: (KA) 65 kA 75 kA

100 e (KA) 10 kA -

T 0.45 0.40

— — —
—
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On NSTX-U |, ramp-up experiments will benefit from center
stack upgrade to B(0) = 1T & 2"d NBI system

T T 1 11 =—

1 Total Non-Incfuctivé C|D
| "I'otzﬂ/ e Simulation of non-inductive
(MPA) P~y |, ramp-up at B{(0) = 1 T predicts
. T 7— Bootstrap =1 |, ~1MAis possible
LRI TSC |+ 6 MW HHFW Co-CD phasing
+°té‘k‘ (k; = 8 m™") used at beginning of
10 |, ramp-up:
Healing = - NG — 7 MW NBI added when |, > 600kA

(MW) | Aoy — 3 s pulse needed for ramp-up

o'/ == to higher |,

0 3

Time (s)

 Higher HHFW & NBI power absorption at increased B, eases
ramp-up requirements

« HHFW antenna design changes will be implemented to reduce fast-ion
interaction

NSTX 53rd APS DPP Meeting High Non-Inductive Fraction HHFW H-Modes (Taylor) November 16, 2011 9, PPPL 22



Summary

Experiments run in 2010 generated a sustained deuterium HHFW
|, = 300 kA H-mode with T,(0) ~ 3 keV, an ITB and f, ~ 0.65

» A combination of massive Li injection, no boronization, and no between
shots glow in 2010 limited arc-free Pge to < 1.4 MW

Attempts to heat |, = 300 kA NBI H-mode with Pge = 1.4 MW
produced only fy, ~ 0.45 due to significant RF-enhanced fast-ion
interaction with antenna

Experiments originally planned for this year to extend the the low |,
HHFW H-mode experiments to fy, 2 1 using Pge ~ 3-4 MW were
cancelled due to NSTX TF failure

High fy, low |, and |, ramp-up HHFW experiments will benefit from the
improved operational parameters of NSTX-U beginning in 2014
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