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EP research mission: Advance understanding of Energetic
Particle physics, develop predictive capability

* Investigate fast ion transport mechanisms, compare experimental
results with theory & numerical codes

* Develop physics-based fast ion transport models, e.g.:
- Stochastic transport models
- Quasi-linear models.

Milestone R(14-2):
Develop models for *AE mode-induced fast-ion transport

» Assess requirements for fast-ion phase-space engineering techniques
through selective excitation of *AE modes

Targeting frequencies

from 10 ’s of kHz up to ion cyclotron frequency:
Beta-induced, Toroidal, Global/Compressional AEs, EPMs, ...
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Outline

* FY11 Research highlights

— Alfvénic modes (*AEs) and associated transport

— Modeling, theory-experiment comparison

* FY12-13 Activities in preparation for NSTX-U

— Collaborations, EP diagnostic development

« NSTX-U Year 1 and 2, plans for machine start up

* NSTX-U Years 3-5, long term research plans

Response to PAC29 questions:
ITPA task:

Backup Slides:

PAC29-X

ITPA EP-Y

B#Z

@ NSTX-U
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Study of TAE avalanches extended to H-mode; impact on fast
lon transport confirmed — now projecting to NSTX-U

_NSTX 139048 ° Bursting/chirping modes, similar to

200
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. — Neutron drops: fast ions affected
gwo — Evidence for non-linear coupling
- « More steady regime at high n_?
Q
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- Higher B,, different TAE regimes
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NOVA+ORBIT modeling of fast ion response reveals role of losses
vs. redistribution, helps interpretation of experiments

200 100 0 77T %]« ORBIT gyro-center analysis:

TAE avalanche 2’ | large neutron rate drop can be
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NOVA+ORBIT modeling of fast ion response reveals role of losses
vs. redistribution, helps interpretation of experiments

200 100 0 77T %]« ORBIT gyro-center analysis:
TAE avalanche 2’ | large neutron rate drop can be
@ t=265 ms SO caused by AE, not by loss
—_ 80 2ms simulatiory, &8 . .. i
N 150 = * * Redistribution enhanced by
x e multi-mode stochastic transport
au.-l 00 Té 60+ 60 N‘ISTX 139948 0.27s
5 i ¢ Fast lon loss (%)
5 ® Neutron rate drop (%) u
o ) » 50
@ 40+ n
. 90 40 - ITPA EP-2
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E initial [keV] 20| *
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OLSeose® - :
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TAE/RSAE dynamics strongly affected by non-linear physics,
e.g. interaction and coupling with other MHD modes

frequent bursts sporadic bursts
120 o in=
i _Q % 120 h=2
é‘ 80 " > 80 gn=4
% __ o *..tm:6
S 40 Al s S 40 T oo i
A 0 bimictA / . sy | O = 0 ﬁ‘ '” W "TWIW'H'T ]
2260/ 240 @60 280 310 )
time [ms]
. . .| + Change of TAE regime at
. Oth_ervallae stable n=1 bklnkS onset of kink-like mode
excite urlng strohg ursts | . gursts become more
> 3-wave coupling with low-f sporadic
MHD B#22 > Indicates modifications of
profiles (ng, Tg, g, V), fast
lon distribution F,
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FIDA, sFLIP, neutrons indicate fast ion
transport/redistribution by low-frequency (kink-like) modes

 Unstable kink-like mode found
from PEST code

500—— ‘ . .
Fluctuation Amplitude 100\
400} \
—— USXR
3300} | — Simulation < | 'P/
) Simulated G
200} mode
100} structure
o | 1 1 matches
13 135 14 145 USXR data
R [m]

« SPIRAL used to infer fast ion response

|
 Fast ions redistributed to larger radii and < 0

pitch values
- Loss caused by kink remains small
- Consistent with drop in FIDA signal
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Change in plasma profiles and fast ion response to kink
affect NB-CD, stability of other modes

sh#142296, g-profile

200 220 240 260 280 300
t [ms]

* Kink redistributes NB-driven current ! e

- Simulations with M3D-K code under way (B#24

. E_: . GAE/CAE
> Can affect stability of other modes (&3 =0f  drive 0
- E.g.: GAE/CAEs destabilized soon after kink ff’
- TAE regime changes when F,, g-profile ) —— @10
modified 10 Energy [keV] 9()
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Stability, non-linear behavior of high-frequency GAEs/CAEs
characterized; good agreement with models, codes

» GAEs destabilized by Doppler-shifted
cyclotron resonance: @ = wg; - k|| Vp|| [(B#25

* Resonance extends to low(er) energies

« Avalanching behavior observed

- Correlates with TAE bursts, suggests fast ion
redistribution

* Prototype antenna installed in FY11 (B#39
- Not tested yet; enables studies of *AE stability

« HYM code reproduces frequency,

growth rate of unstable modes (&
- Implementing sources, sinks, Jf electrons

 Electron transport by GAEs simulated with ORBIT [rac2e-26

- Transport consistent with TRANSP estimates
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PAC29-22

>Longer term: assess requirements for active excitation of

GAE/CAE through antenna
- Affect thermal electrons, fast ion transport
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Focus in FY12-14 on developing models for improved

Interpretive & predictive capability (R14-2)

B#18

* ORBIT, SPIRAL — particle following

— F,, response to *AEs, kinks il Self-co‘nsisten"[ QL reléxation

« NOVA, PEST - ideal MHD
— Eigenfunctions, linear stability
« HYM, M3D-K — non-linear, hybrid T
— Full mode dynamics, transport £ 09
0.9r

1.05¢
initial profile

‘\

Under development: 0.85!

sParametric models w/ TRANSP B#35 08
- Transport coefficients from ORBIT, SPIRAL

TAE modes

relaxed profile

PAC29-26 ITPA EP-2

.7 1 1 1 1
0 —3.5 -2 -1.5 -1 -0.5 0

- Requires TRANSP development
*Quasi-linear (QL) models (B#a7
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- F,, response to given set of modes
- Testing on DIII-D, NSTX-U (FY14)

*FIDASIM + F,, evolving codes (longer

-~
LA

term: NUBEAM)

— Constrain/invert F,, and its evolution from set

_ QL model DIll-D

neutrons (10!

O

of data (FIDA, NPA, neutrons, ...) 500 1000 1500
— Under development w/ MAST, DIII-D time (ms)

NSTX-U NSTX-U PAC-31 - EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)

11




Research plans for NSTX-U Outage: prepare for operations,
Improve analysis/modeling tools through collaborations

 FY12: Develop interface between SPIRAL and HYM codes
— Model fast ion response to high-frequency GAE/CAE modes

 FY12-13: Linear analysis of TAE scenarios for NSTX-U H-mode plasmas with
NOVA code

« FY12-13: Identify optimal fast ion diagnostics for NSTX-U [B#20

« FY12-13: Collaborate with MAST and DIII-D on *AE experiments
— Physics of bursting TAEs: focus on stability, non-linear physics, control
— Test/evaluate new diagnostics: fusion product profile, neutron collimator
— Improve analysis techniques: infer F,, from suite of fast ion diagnostics

« FY13: Extend M3D-K simulations to NSTX-U H-mode scenarios

 FY13-14: Develop parametric and quasi-linear models for *AE-induced fast ion
transport, R(14-2)

 FY13-14: Finalize design of upgraded ssNPA diagnostic, prototype *AE antenna

Research Milestone R(14-2):
“Develop models for *AE mode-induced fast ion transport”

NSTX-U NSTX-U PAC-31 — EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)
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Energetic Particle Plans and Goals
NSTX-U Operation Years 1-2

Year 1:
« Compare (classical) TRANSP predictions with FIDA for 2"d NB line
« Measure fast-ion transport with tangential FIDA
* Measure *AE eigenfunctions with BES and reflectometers
- Compare eigenfunctions to predictions performed in FY12-14
* Test prototype *AE antenna

Year 2:

« Use tangential+perpendicular FIDA, NPA/ssNPA to characterize
distribution function modifications induced by *AE modes

« Characterize *AE activity driven by more tangential 2"d NB|
- Compare to existing (more perpendicular) NBI
- Extend simulations to operations with full 1T magnetic field
« Compare measured *AE damping rates with models & theory

NSTX-U NSTX-U PAC-31 — EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)
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Energetic Particle Plans and Goals
NSTX-U Operation Years 3-5

Year 3:

« Extend study of *AE activity driven by different NBI configurations to full 1T scenarios
- Compare numerical and theoretical simulations to data on mode dynamics, transport
- Characterize scenarios with combined NBI+HHFW

» Optimize *AE antenna design for efficient coupling to *AE modes
- May consider replacing 2 HHFW antenna straps with *AE antenna (w/ HHFW group)
« Extend simulations of *AE avalanches to FNSF/Pilot

Year 4:
» Utilize *AE predictive capability to optimize/minimize *AE activity during non-inductive current
ramp-up with 24 NBI
- Compare simulations to experimental results
» Assess performance of upgraded AE antenna
- Measure stability of high-f *AEs; assess capability of mode excitation

Year 5:

» Assess requirements for "fast-ion phase-space engineering"” techniques through selective
excitation of *AE modes

- Actuators: NBs, HHFW, active *AE antenna
« Extend simulations of *AE avalanches to FNSF/Pilot current ramp-up phase
« Assess implications for FNSF/Pilot design (e.g.: optimum NBI geometry), expected NB-CD

NSTX-U NSTX-U PAC-31 — EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)
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Summary of Energetic Particle Physics
research plan for 2012-2018

Study of TAE/EPM avalanches and associated fast ion transport
extended to H-mode plasmas (+ collaborations)

— Models, codes under development to improve interpretation and develop
predictive capability toward NSTX-U (FNSF, ITER)

— Verification/Validation against experiments in progress

Increasing focus on non-linear, multi-scale physics involving *AEs,
other low-f MHD modes
— Non-linear TAE dynamic; coupling between *AEs, kink-like modes

- High-priority research topic on the path toward FNSF, ITER:
> All have potentially strong impact on NB-CD in FNSF, ITER
> Must assess their effects on performance of next step devices

Increasing emphasis on development and validation of linear and
non-linear theory, codes, transport models

— Benefit of strong collaboration with PPPL theory/computation group
— Contribute to NB-CD research for NSTX Upgrade and next steps
— Support HHFW group for rf interaction with NB ions

NSTX-U NSTX-U PAC-31 — EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012) 15
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Recommendations from NSTX PAC-29

PAC29-22

Therefore the PAC encourages the NSTX team to pursue its
investigations to clarify the relative role of microtearing, GAE and ETG
modes. The combination of low and high k fluctuation measurements
will certainly be useful in that matter. Regarding this point, the PAC was
very pleased to see that the NSTX team is making progress in designing
a new high-k diagnostic, which will replace the present one in FY13 or
14.

Agree, see slides
10 + backup

PAC29-26

The PAC agrees with plans of the Wave-Particle Group to continue to
validate simulation capability in this area, as this will aid assessment of
fast ion losses for NSTX-U. In particular we think it is important to
pursue eigenfunction modeling with the HYM code using GAE
experiments, comparison of non-linear M3D-K against experiment
(mode structure, bursting and chirping behavior), and extend the NOVA-
K + ORBIT simulations to include the use of the SPIRAL code. The PAC
recommends this validated simulation capability be applied to H-mode
plasmas in both NSTX and NSTX-U, especially considering the effect of
redistribution of NBI ions due to MHD activity on current profiles in the
Upgrade. Because of the increased toroidal field range in NSTX-U, we
note that it may be possible to explore the transition regime between V
> VAvaen and V < VAlfven-

Agree, see slides
6,8,9,10,11
+ backup

@ NSTX-U
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R(14-2): Develop models
for *AE mode-induced fast ion transport

"Good confinement of fast ions from neutral beam Injection and fusion reactions IS
essential for the successful operation of ST-CTF, ITER, and future reactors. Significant
progress has been made in characterizing the Alfvénic modes (AEs) driven unstable by
fast ions and the associated fast ion transport. However, models that can consistently
reproduce fast ion transport for actual experiments, or provide predictions for new
scenarios and devices, have not yet been validated against a sufficiently broad range of
experiments. In order to develop a physics-based parametric fast ion transport model
that can be integrated in general simulation codes such as TRANSP, results obtained
from NSTX and during collaborations with other facilities (MAST, DIII-D) will be
analyzed. Information on the mode properties (amplitude, frequency, radial structure)
and on the fast ion response to AEs will be deduced from Beam Emission Spectroscopy,
Reflectometers, Fast-lon D-alpha (FIDA) systems, Neutral Particle Analyzers, Fast lon
Loss Probes and neutron rate measurements. The fast ion transport mechanisms and
their parametric dependence on the mode properties will be assessed through
comparison of experimental results with theory using both linear (e.g., NOVA-K) and
non-linear (e.g., M3D-K, HYM) codes, complemented by gyro-orbit (ORBIT) and full-orbit
(SPIRAL) particle-following codes. Based on the general parametric model, the
implementation of reduced models in TRANSP will then be assessed. For instance, the
existing Anomalous Fast lon Diffusion (AFID) and radial fast ion convection models in
TRANSP could be improved by implementing methods to calculate those transport
coefficients consistently with the measured (or simulated) mode properties. Further
improvements will also be considered, for instance to include a stochastic transport term
or quasi-linear models.
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ITPA tasks 2012, Energetic Particles Physics

Participate In:
« EP-2 Fast ion loss and redistribution from localized AEs
 EP-4 Effect of dynamical friction (drag) at resonance
on nonlinear AE evolution

Also considering participation in:
« EP-3 Fast ion transport by small scale turbulence
« EP-6 Fast ion loss and associated heat load from
edge perturbations (ELMs and RMPS)
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Proposed diagnhostics upgrades that support
Energetic Particles research in FY14-18

Diagnostics under development during NSTX-U Outage period:
« Tangential FIDA — complement existing systems

* Fusion source profile via charged D-D fusion products — test on MAST

* Fixed sightline E//B NPA — must be re-located

« Upgraded ssNPA

« *AE antenna for stability measurements, excitation of *AE mdoes

New/upgraded diagnostics under consideration - next 5-year plan:

 BES expansion & increased resolution

* Neutron collimator

* Profile reflectometry with increased Af

- FIDA & BES Imaging

» Radial polarimetry

« Toroidally-displaced in-vessel multi-energy DXR arrays
« Dual-energy, ultra-fast SXR arrays

« VB imaging of AE* modes

 BES passive FIDA view

NSTX-U NSTX-U PAC-31 — EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)
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NSTX-U broadens NSTX parameter space for fast ion physics in STs:
need to predict *AE stability, impact on NB current drive
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« Higher B,, density, NB power; same NB injection energy
> Expect large variety of Alfvénic modes (AEs) destabilized

« Parameter space complementary to other devices

- Unique ST features provide excellent test-bed for theory, numerical codes
> |Improve predictive capability toward next step devices (ITER, FNSF)

50

@ NSTX-U
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TAE/RSAE dynamics strongly affected by non-linear physics,

Interaction with other modes

-NSTX 139048
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; p " Prbi (6MW) - Often seen during large TAE bursts
8¢ Nout ‘ t : ' « Experiment proposed on DIII-D:
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Profile and fast ion response to kink affect NB-CD, stability
of other modes

- Unstable kink-like mode ©7 sHoT#iazeee
found from PEST code g oL i e i B
. = 1700 - / o e
- Simulated mode structure T
matches USXR data 1500 CAE/EAES
. 60 ' ‘ ' ‘ E
« Common in NSTX after -~ kink-like
current ramp-up o \ |
- SPIRAL code used to infer "2 i e
fast ion response of s ]
216 218 220 Ti2nﬁ§ [m§]24 226 228 230
* Fast ions redistributed to 100
larger radii and pitch values ol
o _ = | GAE/CAE|
- Can redistribute NB-driven current =%l drive. .
® 40 <l -
> Can affect stability of other modes g e
- E.g.: GAE/CAES destabilized soon after kink o —
Pitch (v”/v)
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M3D-K results: non-resonant n=1 kink can develop for q,,;,>1
trigger NTMs, slow down plasma, redistribute fast ions

O T #2379 |« |deal MHD mode
Long-living after non-linear saturation

D
o
—:—_443——;-4
—
®

Can induce 2/1 island, trigger NTMs

2| - Rotation has weak effect on stability, but large
9‘,&% | Impact on non-linear evolution

- Reduction of island formation, reconnection

Ps [MW] . e .
E[J/t/ (a.u] \\L « Mode can flatten central fast ion distribution,
400 800 cause substantial radial redistribution

Time [ms]

1.1 f 1 ; - Lower energies more affected
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5 3 . .
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5
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Conditions for Doppler-shifted resonance of high-frequency *AEs
(GAEsS/CAES) investigated through SPIRAL code

*Full orbit calculation of fast ion orbit with . nsx1as419 03208

Resonant Orbit

SPIRAL code

* This particular fast ion has resonance
between transit and cyclotron
frequencies.

*Orbit is also close to stagnation point,
very little variation of mod(B) over orbit,
thus little variation of cyclotron frequency.

* Approximate range of phase variation
between fast-ion resonance and the :
mode estimated from the dependence of -2t....

on pitch and mod(B) and the variation
of the cyclotron frequency with mod (B)
over the fast-ion orbit:

2

‘_U
—_ 0
Og(t) =~ j{w +<kV, >1- %1 f cos(wt))-<w, >(L+¢ cos(th))]dt 1= i
p o

<kVy >el-p* <w, > 10 14 12 13 14 15

sin(w..t) + ¢ sin(w,t i i
o, 2 p° (71) o, (w7t) Major Radius (m)

O¢(1) ~

For this fast ion parameters, the phase variation is = #£65° over the fast ion orbit.
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HYM code enables accurate numerical modeling of NBI-
driven sub-cyclotron frequency *AEs in NSTX

« HYM equilibrium solver has been modified to NSTX #135419, GAE mode n=9, m=1
improve the equilibrium fit to the TRANSP and (f's normalized to wy)
EFIT profiles.

0.8 _ Resonant

* Numerical simulations for H-mode, have been  particles

aa
performed to study of the effects of GAEs on the %
I

0.4

fast ion distribution function.

« HYM simulations for L-mode shots, using improved (<|
equilibrium fit, show very good agreement in terms - £ _
of the mode frequency, amplitude, and estimated OB w029wC,0 ‘FOOle'O

growth rate. 0 20 40 60 80

- Linear/nonlinear simulations performed in order to E [keV]
study in detail resonant wave-particle interaction in
order to understand the nonlinear evolution of the 1.2
instability. It has been shown that most resonant
particles have stagnant orbits, and poloidal
structure of the unstable mode is relatively
coincident with location of the resonant orbits. |

+ Self-consistent kinetic description for the electrons ' — ;
has been implemented in the HYM code, where -0.5 0 0.5 1
the electrons are described as &f drift-kinetic W+ N Wprec
particles. This version of the code will be used to Resonant particles shown with orbit-

study the effects of GAE and CAE modes on the averaged cyclotron and precession
electron transport. frequencies, both normalized to the ion

cyclotron frequency at the axis, w,,.

<(Dci>
ek
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Future Plans and development of HYM code

Research goals:
- Study excitation of GAE and CAE modes, and their effects on particle

confinement.
- Detailed comparison with experimental results.

Plans:

-Study the effects of the sub-cyclotron modes on fast ion distribution
function in NSTX.

-Study the effects of finite frequency (Hall term) on the stability
properties of the NBI-driven sub-cyclotron frequency modes.

-Effects of GAE modes on the electron transport.
-Add sources and sinks in the HYM numerical model.

-Perform long time scale nonlinear numerical simulations to study the
nonlinear evolution of unstable modes.

NSTX-U NSTX-U PAC-31 - EP Physics Progress and Plans (Podesta/Taylor/Gorelenkov, Apr. 17-19, 2012)



High-Energy Feature (HEF) observed on E//B NPA suggests
fast ion redistribution by high-frequency CAES/GAEs

« HEF: An “anomalous” increase in E||B Deuterum Energeic an
NPA charge exchange neutral flux i
(~4x) localized at the NB injection full

energy.

Rtan =70 cm

» Transient phenomenon with durations
~ 100 - 600 ms.

In(NPA Flux/Energy'/2)
(cm-2eVv-3/2g-1)

5L

« Spectrum exhibits slowing down of fast
lons below HEF energy region.

(hy A°°>- I soo 200
« HEF existence requires no kink and S T

weak TAE activity U , , , ,

& [ SN135174 t =200 ms ]

. .. S e At =200 ms t = 400 ms ]

- Wide range of CAE activity 8 _16 - B t=800ms -

« May indicate fast ion redistribution in gé“ ; \ ]
pitch, energy S 51| \
& [ W

SR S R

40 50 60 70 80 90 100
Energy (keV)
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Improved measurements from UCLA reflectometer provide
radial mode structure of *AEs

0 - shot 141398
t=580-583 ms

b (arb.)

© %41 ghot 141308
T 03] t=580-583ms @ .. @i
@ ;
& ol &
g ¢
= o ‘.. o o £ H
— — : = 00 o 0, 80
e 500_ i L —®— <600 kHz -~ f>= 600 kHz
time (ms) _ _A  shot 141398
_ _ B 800 7%  t=580-583 ms
Up to 16 fixed-frequency radial channels NI NN
©
— Require monotonic  /~ T N\ E 3
density profile AP = ) S S +sI P
o c ot 500 %
O-mode polarization oo o5
, k2 )  n(z) a00 :
* Infer dn from phase | N*=— 5 kmj S s
N w2 w ne.o.| | [ : 2R (m)" :

magnetic axis
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Improve understanding of TAE-induced fast ion transport with ORBIT; develop
models for improved analysis of diagnostics data, e.g. sFLIP

 ORBIT code confirms stochastization
of fast ion phase space during TAE

avalanches

— Use modes from reflectometer+NOVA as

input

« Compare modeled losses (pitch,
energy) with sFLIP data - next slide

100

FLR

90 f-correcte
E loss
(keV) || bounda

80 rr

T T

s 4 |+ Qualitative agreement found
— Similar features in reconstructed sFLIP

« But: pitch, energy regions slightly

< different
' - - Sensitivity to input profiles?

- Sensitivity to mode radial structures from
NOVA — e.g., non-ideal effects?

P EBBRERE DS

0.5 1

70 —-
-1

-0.5
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Orbit following including mode structure shows bimodal loss
distribution in pitch angle, as observed on sFLIP

C T T T | T T | ] .
 ORBIT modeled ) | = Modeled pitch angle
100 Hosses, #141719 o - boundaries roughly
I et ] agree with
i S % measurement
80 —All lost particles . ‘f?é.:’*: . -
L O i . .
— (2 ms run) S, « Same simulation for
> . ‘ . .
[ - Particles reaching L - case with no
2 60 [-detector L ] measurable loss
3 r o - shows no particles
10 I o, t2 L0 losss | reach detector
B ‘ AA gt “ A 4 -
: A o 1« Measured loss on
I~ A A ‘“;‘ A a4 4 . .
50 L R P - S ekt S i detector (red points)
‘ . A dgiledis . 1 1 s representative of
I T | all losses (black
! | ! I ! .
o0 100 150 pOIntS)
E keV
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Suite of codes used to investigate *AE-induced fast ion transport; next
step: develop models for improved interpretive & predictive capability

I ORBIT - gyro-center particle following 100 ———p T T

. " Guidi
— Stochastic transport by TAES _Ceur:té?%t /

: : . | LCFS - 4
« SPIRAL - full-orbit particle following .

FLR
— F,, response to kinks, CAE/GAE modes 90 ’}correctei\ -
loss
— Starting w/ TAEs I(Ekev) ! boundav*

 NOVA, PEST - ideal MHD

— (ldeal) mode eigenfunctions

80 ft
— Linear stability/damping rates

« HYM — non-linear, hybrid/MHD
e M3D-K — non-linear, self-consistent

ol UL

— Full mode dynamics, transport
> Quasi-linear models

— F,, response to given set of modes; testing on DIII-D, NSTX-U next (FY14)
> FIDASIM + F,, evolving codes (long term: NUBEAM)

— Infer F,, from set of data (FIDA, NPA, neutrons, ...); under development
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Validation of M3D-K code for TAES in L-mode shows

agreement with experiments, NOVA

PAC29-26

* Only L-mode plasmas modeled so far (better diagnostics data)
 Linear analysis shown here

« Radial phase variation — comparable to reflectometer measurements

’’’’’

| BPRPRTR —-

boundary effects

Al edelioiiididloidinlinkonfindolindund

density perturbation, n=3 2 5| n=3, f=80-100 kHz
| T ' ' e - Reflectom.

— 08 = 2'OPNOVA
= - ’
= = 1.9}
= 0.4
: 2 40

0 05!
=1 OF 0.0—-—- AAAA A __ADA ]
E 7 1.1 12 13 14 1.5
g -1f
Ny R [m]

1 12 14 data from reflectometer
R [m] * Modes shifted inward - under

 Mode structure consistent with NOVA,

Investigation: input profiles? equilibrium?
Moving towards non-linear simulations, extend to NSTX-U in FY13-14
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Preliminary results from M3D-K also show
little effects of rotation on TAE structure

density perturbation, n=3
' ' ' " £-36kHz | « Scale rotation profile from

[measured] measured f,=36 kHz down to

' f,=18 kHz (50% reduction)

* Mode peak location, structure
do not change substantially

1 1.2 R [m] 1.4 1.6
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Reduced models for fast ion transport can be
obtained from particle-following codes

* ORBIT used to model fast ion

transport by TAES: Poloidal section Phase space
| I E:90 Iie‘\/‘tést barticleslwl LFAEs‘l_:

LA L B L L L L B B |

_ Multiple TAEs 190

— Modes from reflectometer+ NOVA 100}

modeling
50+
* Particles followed for ~ms

mu B/E

« Characterize typical ‘steps’
<AP>, <AE> in phase space 5ol

-100+

* Infer equivalent diffusion ol

coefficients — phase space:
0 50 100 150

{ De(E,P,1|A 1 oger---) ~<AEZ>/tg; R [om]

De(E,Pu|Aoges---)~<AP?>/tg, - Orbit topology used to differentiate
specific classes of particles:

 Or:use distribution of random
walks to model non-diffusive
transport
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Use of transport coefficients from ORBIT, SPIRAL

modeling in TRANSP will be assessed by FY14

« ORBIT (SPIRAL, ...) can provide

{AE(E,P,MAmode,...), energy step

AP(E,P,1|A04e:---), CaNoONical toroidal momentum step

Amodes/ Aexp: 1

1.2

- - E=90.0 keV

: . 1.0 .
» However: only D,(E,r,t) implemented in TRANSP 08
— ... and TAEs mostly act in phase space through Eo '
resonances Q 0.6
« Moreover: transport by resonant modes can be non- 04
diffusive (stochastic) 0.2
Need ‘probabilistic’ approach — suitable for MonteCarlo ?g
implementation in NUBEAM 1'0
May require non-gaussian distribution of AE, AP — not yet '
available in TRANSP " 0.8
& 0.6
E=80 keV, P=0.4, muB/E=.1 £l
| | ' ' | { Ex: probability distribution 0.4
0.3F + function of energy step for 0.2
/ fixed E,P, 1, Anoges/Pexp 0.0 |
0.2F E -1.0 -0.5 0.0 0.5
01¢F E . .
: L Need more flexible tools in
0.0% TRANSP/NUBEAM for accurate

45 1.0 -05 00 05 1.0 1.5
AE [keV]

modeling of*AE-induced fast ion

AE(P,1E, A, oqes) from ORBIT, sh#139048

1.5
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Quasi-Linear model computes critical fast ion profile
In the presence of unstable TAEsS

Evolution of fast ion distribution, modes: 115 | | |
Self-consistent QL relaxation
[ Of ) ) il
— = —— Dy (Py)=— S '
5t = 2 op, DH(Pe) gp I+
k 1.05F
where D(P¢) x Wi (Qp) A initial profile
—k _ 29Wy =~ 0.95" relaxed profile
ot =
0.9r
where 7y = Wgrth — Ydmp
0.85r
\ Q= w —nwyg + (M + p)wg 0.8/ TAE modes
I I N =
: — °Bs =2 a5 _ 1 05 0
At marginal stability: Ygrth = Ydmp v =0 PP oo
* QL model uses analytic expressions for « Compute critical conditions on df;,./dr
growth, damping rates vs. B at each radial position :
1 0p _
Ygrth =7 B, Ygrth = Ydmp
mode number(s), n
with ~’ relative mode widths to particle orbit
8 :zlgtsr:)na parameters OBert __ Ydmp
py or ,Y/
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*AE antenna under development to study stability of
(and possibly drive) high-f CAE/GAES, TAES

« Goal: direct measurements of damping
rate of stable *AE modes

» Target high-f modes

- NSTX-U will have unique capabilities for
CAE/GAE studies

- Complement JET, MAST data for TAEs

« With upgrades, can assess
requirements for “phase space
engineering” techniques

« Prototype installed before FY11

» Tests will be performed at beginning of NSTX-U operations (Year 1)
« Upgrades will be based on initial results & modeling (Year 1-2)

» Under discussion: replace 2 straps of HHFW antenna with upgraded *AE
antenna for Year 3 and beyond

- Pending HHFW antenna assessment in first 2 years of NSTX-U operations
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