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Wave-Particle Interaction Research
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— '\ Gap structure vs. A and q :
| TAE & CAE similarity expts profile Comparison to theory

e
| §Covered in Integration
« Major accomplishments | voved from MHD
— Demonstration & understanding of HHFW core heating & current drive
— Demonstrated possibility of high-power coupling to EBW
— Discovered several new fast-ion-driven instabilities
— Observe non-linear coupling of multiple fast-ion modes
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NSTX is developing innovative wave heating and current
drive techniques in a unique wave parameter regime

ANsTX
* High p > over-dense plasma (w,, > €2,) with low v,

— Lower Hybrid and Electron Cyclotron (EC) waves do not propagate

— Fast Alfvén Waves propagate with strong single-pass electron
absorption

— Electron Bernstein Wave (EBW)— no n_ limit + localized absorption

« EBW current drive 2-4 x more efficient than Electron Cyclotron current drive
« Complementary NSTX characteristics

— Fast Wave also used for core current drive in AT plasmas of DIII-D

— Efficient off-axis Ohkawa current drive physics relevant to AT
- NSTX High-Harmonic Fast Wave (HHFW) @ ]
heating and current drive research utilizes
world’s most sophisticated ICRF launcher:
- 12 strap antenna, 6MW capability
* 6 independent transmitters

* Real-time control of launched k) from 0 to 14m-1
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HHFW has successfully heated electrons
and demonstrated core current drive in NSTX

ANsTX

Highest core electron temperatures Co minus counter current drive
on NSTX achieved with HHFW Alcp = 180KA (I, = 800kA)

Consistent with theory predictions
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 However, HHFW heating of core electrons is not always robust
— Observe HHFW acceleration of NBI fast ions

OAKRIDGE NATIONAL LABORATORY
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Improved understanding of HHFW edge interactions motivates

changes to HHFW system for more efficient heating & CD
@NsTX

| N — PP = 1 =0. Py/P ¢ =0.25
» Parametric Decay Instability (PDI) of 2 os UL L o
HHFW - IBW - edge ion heating mmp = ,
— PDI increases with lower k|| and/or B+ % 0.3
* Low k;, used for HHFW current drive %,
* Low By needed for high f '% "
8 o o 14m"
- w-7m
2 "0 s 1 15 2 25

HHFW Power (MW)

T. Biewer, Phys. Plasmas 12, 056108 (2005)

€= HHFW at low k; should begin
propagating at much lower n, >
surface waves, wall interactions

— dB/dt probe data consistent with lower

01 015 00 0.25 edge wave amplitude at high k;

Time (sec)

B(9RF 1
(arb)

Both results imply higher k; should improve HHFW core electron heating
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Key Research Results and Plans for HHFW

@NsTX
4 ——
* Achieved high T,=3.6keV in current drive 121968 :
phasing for first time using high B; = 5.5kG 3} CD phasing .
— Improvement consistent with reduced PDI 3 [ k; =7m" |
, x oL -
and surface waves expected at higher B; o
— Expect similar improvements from higher K, 1 |
» Useful for HHFW-CD during ramp-up _
» Useful for HHFW heating at high-3 W s . )
40 60 80 100 120 140
J. Menard, IAEA 2006 RADIUS (cm)

PLANS:

» Continue RF edge studies investigating causes of parasitic absorption (FY07-08)
— Surface wave excitation damping + parametric decay instability ion heating
— Additional RF probes to measure waves in plasma periphery
— UCLA reflectometer upgrade to measure higher edge densities for RF studies

« HHFW antenna modification = directed spectra at 11m-! for improved CD (FY-09)
— High power operation capable of heating T, ~ 50eV plasma with 28m-"
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New physics understanding enabled by
study of wave physics in over-dense plasmas

ANsTX

NSTX, B =40%
N |

. Off-axis and efficient CD required _ 1.2 Tota
for high f;=40%, f\, = 100% L [ nBeo \['I
integrated scenarios. T 08 N | N
@ N\ |-
0.4 IN==AY
- . R Bootstrap 4 \ EBW
« EBW holds promise of taking S AT
advantage of unique, high trapping —— T
region: Ohkawa current drive: N
—-04 < p < 0.7 > t->EBW-CD =04 Trapped-Passing
« 2x more efficient than ECCD 1 Unorm = 30 keV Boundary

 8x more efficient than HHFW

5 1 (A) x R(m) x n, (10"’
CCD = 3.27 X

P(W) x T (keV)

Uperp/Unorm

* For concept innovation: establish [ ¢ ]
wave physics understanding for T 05 0 05 1
high beta fusion systems UparatieUnorm ~ NSTX, B = 42%

il compx
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Initial measurements of B-X-O emission on NSTX
confirm possibility of high-power coupling to EBW

@NsTX

* Frequency range:

— 18t & 2"d harmonic: 8-18GHz

— 2 & 3rd: 18-40 GHz
+ Directionality:

— +10° steering in poloidal and

toroidal directions
Lot conor - Antenna acceptance angles:
— 8-18GHz ~ 22°, 18-40GHz ~ 14°

Dual-antenna remotely-steerable EBW radiometer system:

8-18 GHz
Radiometer

Voltage-Controlled
Local Oscillator

_ Arbitrary Waveform Arbitrary Waveform
Generator General tor

- High EBW coupling efficiency 1st harmonic coupling efficiency vs. angle in L-Mode:
for broad range of antenna o Measured
. Ig in L-mod A f=155GHz EBWCoupling
pointing angles in L-mode: mmmp £ | | ey
éﬁ X 71-800/2
_ <~ T 1 Xet07
- But, poor apparent coupling ERN = — ziiggé
.. - 0
efficiency (< 30%) observed =t 1 x31-40%
. . o
in H-mode discharges 3T 1 caleulated EBW
< i y Coupling
- 40 , . (contours every 10%)

Bas s ornl 0 Q
MAST () # UKAEA @OFR%%ECCH e — Toroidal Angle [degrees]

OAKRIDGE NATIONAL LABORATORY
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Key Research Results and Plans for EBW

@NsTX
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« 2005: Emission measurements in H-mode

110 consistent with 3f_, emission from large r/a

— Evidence for collisional damping at f,,g and

| Te(keV) <ummm possibility for 2f_, overlap

« 2006: Angle/freq. scans confirm 2005 result:
— Strong coupling in L-mode, poor in H-mode

PLANS:

* Implement 100-200kW 15.3-28GHz EBW system w/ ORNL gyrotrons (FY08)
— EC pre-ionization & heating for CHI & PF-only startup plasmas (low n_, T )
— EBW coupling studies + initial electron heating experiments

« Test EBW coupling models for L & H-mode plasmas (FY07-08) (Ph.D. Thesis)
— Experiments to understand cause of apparent poor coupling in H-modes

« Enhanced understanding & modeling through collaboration (FY07-08)
— MAST collaboration: 28GHz startup/ramp-up (FY-07), B-X-O (FY07-08)
— Include EBW mode conversion in GENRAY, optimize EBWCD scenarios [MIT]
— Radial transport, Ohkawa anti-pinch effect on BS - CQL3D/GENRAY [Comp-X]
 Also EBE from non-thermal electrons — same model used for ECE on ITER
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NSTX is an excellent test-bed for simulation and
validation of critical fast ion physics for burning plasmas

ANsTX

NSTX uniquely able to mimic ITER
IN Viost/ Vaien @Nd Brag While
maintaining full diagnostic
capability, in particular MSE

— P does not overlap with ITER

NSTX shows nonlinear physics of
wave-particle resonance overlap,
similar to ITER, due to large B,

Can also study fast ion physics
expected for ST-based CTF

> | ]
Bl N |
1: ]




Many fast particle discoveries made on NSTX

* New discoveries a direct
result of operating with
Veast” Vaen> 1 With full
suite of diagnostics

@NSTX

111924_hn1

High-f modes:
energy transport

. CAE |

10008 &5 S ERe mor

- ‘Hole-clumps’ - ]
_ GAE

References:
*NSTX fast particle mode physics:

« NSTX-motivated CAE work on DIII-D:

Low-f modes:
radial transport
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Alfvén = ven 4o | clump

Eigenmode 'genmode pair
.

New modes discovered
on NSTX - predicted
to be present on ITER

UCLA UCDAVIS i
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NSTX accesses ITER-relevant fast-ion phase-space
island overlap regime with full diagnostic coverage
@NsTX

* ITER will operate in new, small p* regime for fast ion transport
— k,p = 1 means "short" wavelength Alfvén modes
— Fast ion transport expected from interaction of many modes
— NSTX can study multi-mode regime while measuring MSE q profile

 NSTX observes that multi-mode TAE bursts induce
larger fast-ion losses than single-mode bursts:

5% neutron rate decrease 11 35 44 1% neutron rate decrease:
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Non-linear TAE simulations (single-n)
reproduce many features observed in NSTX data

ANsTX

= | '« MB3D Nonlinear Hybrid simulations:
' ' — Mode growth and decay times = 50 - 100 us

— Bursting/chirping behavior results from:
» Non-linear modification of fast-ion distribution
« Change in mode structure
* Predicted to be present on ITER

Simulation

00 500

time

Simulations > Mode moves radially l
outward during amplitude saturation

t=0.0 t=336

* New non-linear TAE simulations with multiple n’s (not shown) predict:
— n=2 mode non-linearly saturates at higher amplitude than in single-n case
— n=2 mode can be driven non-linearly by dominant n=1
— Mode structure changes significantly due to non-linear evolution

« Comparisons to experiment just beginning...
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Reflectometry data reveals 3-wave coupling
of distinct fast-ion instabilities for first time

ANSTX
« Large EPM = TAE phase locks to EPM
forming toroidally localized wave-packet

* Low-f EPMs co-exist with mid-f TAE modes 20 TAE . -
0 I I l -d ~"" ::'1=‘;
10" f(d) 2 ] & 0 il d
L| Pl EPMs rABs 0 = | ’
_af: n=3 % In=7 ““YIshot 113546 EPM—° i i ¥
10 AW ARAN 357 3571 3572 3573 3574 3515
1071 * ' \ /i 4\ / time (ms)
107 t =357 ms® 18b1=— TN - In absence of EPM, TAE modes do not
0 50 100 150 200 form toroidally localized wave-packets
freq (kHz) _ y : p
5 L —_ 3 —
Bi-coherence analysis reveals 3-wave S =1 EPM rms amplitude—>
coupling between 1 EPM and 2 TAE modes £y ' '
N. Crocker, Phys. Rev. Lett. 97, 045002 (2006) 1
—5} shot 113546

315 315.5 316 316.5

Influence of toroidal localization of TAE mode energy on fast
ion transport and EPM/TAE stability presently being investigated
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Hole-clump pair with GAE mode and
bounce resonance fishbone discovered on NSTX

QNSTX

 High frequency (GAE) hole-clump pair mode
observed driven by energetically inverted
velocity space distribution

— Hole-clump behavior more commonly observed
for TAE modes

o
0

o
o

Frequency (MHz)
o 0
] A

— Hole-clump mode frequency evolution Af « At"?
prediction by Berk et al., (PoP, ‘99)

150 ——————————————
n=

\d |« Bounce fishbones present at low aspect ratio
l where bounce frequency is low

» Modes identified by calculating bounce and
precession frequency ranges and comparing to
Doppler shifted mode frequencies

* High-n modes are bounce resonance, n=1 are
regular precession resonance fishbone

-
o
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0.2
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Research Plans for Energetic Particle Physics
ANsTX

* TAE avalanche threshold physics important for ITER
— Determine scaling of structure, stability, losses vs. q profile, Vi o/ Vagen (FY07-08)

 Fast-ion MHD impact on NBICD important for ITER, CTF

— Validate/test bootstrap/beam-driven current models (TRANSP) (FY06-08)
« Compare to J(r) evolution in plasmas with and w/o energetic particle MHD

« Comprehensive diagnosis of mode structure and fast-ion diffusion
— MSE measurement of current profile (FY07-08)
— Mode structure: FIReTIP, reflectometer, 6B polarization from Mirnovs (FY-07)

— Fast ion loss: fast lost ion probe, solid-state & scanning E || B NPAs (FY06-08)
— Fast ion f(E,p) : Fast lon D-alpha (FIDA) diagnostic (FY-08)
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