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I. Motivation and Introduction

a. NSTX provides unique opportunities

i. Collisionality similar to conventional R/a, but extended  range

ii. Enhanced toroidicity and natural shaping leads to reduced microturbulence

iii. Low BT, near Mach flow gives large ExB shear and reduced microturbulence

iv. Electromagnetic effects, high trapped particle fraction

v. Ability to measure electron scale turbulence locally

b. NSTX results extend and stress theory

i. Many computational tools will be brought to bear

ii. Stress computational resources due to importance of high-k modes

1. pedaflop, multi-processors required
iii. Test whether scale separation in gyrokinetic calcs is appropriate

iv. Extensive Verification and Validation planned at all levels of the primacy hierarchy

c. Lays foundation for comprehensive understanding and predictive capability to allow discharge scenario development in both NSTX and in future devices (NHTX, ST-CTF, ARIES-ST)

i. Determine regimes in which plasma profiles for current drive and fusion production are optimized

ii. Confident extrapolation of transport and turbulence properties to ensure that confinement requirements can be satisfied at high Pin/PLH, P/R

iii. Understand and extrapolate momentum transport in order to assure adequate rotation, ExB shear for suppression of microturbulence, MHD modes respectively

II. Energy Transport

a. Motivation

i. Critical to the success of high performance plasmas

ii. Understand electron vs ion transport and sources

iii. Extrapolate to future devices

b. NSTX is an excellent laboratory in which to study electron transport

i. Dominant electron heating, as in ITER, NHTX (?), ST-CTF (?)

ii. Electron transport anomalous, ions near neoclassical in H

iii. Localized electron scale turbulence measurable (re~0.1 mm)

iv. Strong rotational shear that can influence transport

c. Objective is to develop comprehensive picture of energy transport for both electrons and ions

i. Profile diagnostics, transport analysis (TRANSP) yield power fluxes, thermal diffusivities

1. Fluctuation diagnostics across entire range of kperp (ion to electron scale)

ii. Linear and non-linear gyrokinetic calculations for determining the unstable microinstabilities and their characterisitics

iii. Verification and Validation of models and codes will eventually lead to a high confidence predictive tool for extrapolation to future devices

1. Build synthetic diagnostics into codes to mirror actual diagnostics

2. Comparisons between theory and experiment at all levels of the “primacy hierarchy”

a. Fluctuation spectra

i. Primary: synthetic diagnostics in codes to give T, n, and cross-phase

ii. Secondary: Zonal Flow characteristics; k, f spectra

b. Local transport: thermal diffusivities
c. Global trends: confinement scalings
iv. Transport and Turbulence inexorably tied to one another
1. Integrate into single coherent plan

d. Global Confinement

i. Results

1. Dedicated confinement studies have revealed global trends in NSTX that differ from those at conventional aspect ratio

a. BT, Ip scalings (Fig. 1)
b. Beta scaling as a function of shape/ELMS (Fig. 2, 3)
i. High-priority ITPA issue

c. Trends have been established; turn to local analysis for understanding source of trends

ii. Plans

1. Most of experimental focus will be on local transport and turbulence; global confinement studies as needed

2. FY09-10

a. R/a scaling within NSTX to optimize NHTX design/scenarios

3. FY12-13
a. Verify scaling trends at very high Pinput/PLH when second beam brought on line

e. Ion Transport

i. Results

1. Ions close to neoclassical in H-mode plasmas

2. Do not exhibit scaling with BT, but responsible for Ip scaling – comparison to GTC-NEO results (Fig. 4)
3. Ion transport can be anomalous during L-phase, dropping to neo after transition to H

a. Consistent with linear GS2 results (Fig. 5)
b. Non-linear GTC calcs show neoclassical fluxes greater than ITG induced fluxes (in agreement)

c. Expect further suppression of low-k due to high ExB shear

4. Ion transport reduced in RS plasmas

5. Ion transport barrier physics 

a. Strong Ti gradients associated with regions of near zero toroidal and poloidal velocity (Fig. 6)
b. Strong evidence for neoclassical orbit shrinking/squeezing

ii. Plans: Objective is to develop predictive capability by end of Five Year Plan

1. FY09-10
a. Continue study of ion energy transport – determine under what conditions ions are governed by neoclassical transport vs electrostatic vs electromagnetic turbulence induced transport

i. Couple RF to NBI to change Ti/Te damping term for ITG in L- and H-mode

ii. Fast CHERS (?) to infer ion transport in OH, RF plasmas with Te/Ti>1 using NBI blip to measure Ti
iii. Control of ExB shear: use RMP to slow plasma down and decrease ExB suppression of ITG – at what level does the ITG grow and ions become anomalous?

iv. Use Doppler reflectometry to assess role of Zonal Flows at plasma edge

v. Couple results to gyrokinetic calculations, using v, v, grad p to determine full Er
b. Continue studies of orbit squeezing/shrinking to determine operating conditions under which this occurs

i. Potential for improved performance with development of ITB

ii. Validation of neoclassical theory at low R/a

iii. Relation to integer q-values, current profile, Zonal Flows at edge

2. FY11-13

a. Assess relation of inferred ion thermal diffusivity to low-k fluctuations throughout plasma using BES
b. Couple results to gyrokinetic calculations (coupled high-k / low-k simulations)

c. Assess non-local nature of turbulence due to large 
d. Verify ion transport at high beam power (second beam line)

e. Continue studies of transport barrier physics at high beam power

i. Relate to changes in low-k fluctuations

3. FY13

a. Assess ion transport in OH, RF heated plasmas with Ti/Te<1 using non beam based Ti measurement (Imaging X-ray Crystal Spectrometer)

f. Electron Transport

i. Results

1. Electron transport anomalous in both L- and H-mode plasmas

2. Governs BT scaling  (Fig. 7)
3. Gyrokinetic simulations indicate ETG can be important in some cases (Fig. 8)
a. Consistent with high-k measurements (Fig. 9)
4. Theory indicates that microtearing may also be important within some range of collisionality

a. Electron transport reduced with RS

b. Core reduction related to narrowing of k-range unstable to microtearing
c. Predicted non-linear ETG heat flux consistent with TRANSP calculation result outside RS region (Fig. 10)
5. Critical gradient physics experiments just started

a. Make use of HHFW to change grad Te
b. Measure change in high-k
(Fig. 11)
ii. Plans

1. Because of relatively large re in NSTX, electron-scale turbulence can be measured

a. NSTX’s particular strength is for testing ETG and short wavelength CTEM turbulence

b. Scannable, highly localized kr measurement

c. SXR arrays can be used to image electron temperature fluctuations

d. Can isolate anomalous electron turbulence from neoclassical ions in H-modes; makes non-linear gyrokinetic ETG simulations with adiabatic ions and scale separation possible

2. Goal is to develop comprehensive picture of electron transport for predictive capability by end of 5 YR Plan

3. FY09-10

a. Continue identification of TEM, ETG using present high-kr system

i. Perform collisionality scans to differentiate modes

ii. Determine critical gradient for high-k turbulence experimentally using HHFW to change grad Te in fine steps

iii. Address role of RS, low order rational q, in development of electron ITBs

1. Reduction in CTEM dur to precession reversal?

2. Vary driving terms such as magnetic shear, density grad beta, Te/Ti
iv. V&V of codes/theory

1. Build synthetic diagnostics into g-k codes

2. Role of microtearing

v. Effect of Zonal Flows at edge w/Doppler reflectometry

4. FY10-11

a. Test electron transport and turbulence modification using local deposition of EBW @ 200 kW level

i. Include early application to modify q-profile and possibly induce ITB formation

ii. Test turbulent spreading outside critical gradient region with scannable high-k

1. Relate to ExB shear layer and variation in magnetic shear

iii. Use modulated EBW to probe local critical gradient phsyics, with response to pulses measured by SXR and upgraded MPTS

1. Mary need to combine several shots with different MPTS timing to get complete evolution

iv. First k​ measurements from high-k; couple with low-k from BES

v. In conjunction with gyrokinetic calculations

5. FY12-13

a. Studies of electron transport with full kr, kq coverage, higher input power (second beamline)

i. High-kq, BES, Microwave Imaging Reflectometry covers full k-range (Fig. 12)
ii. Allows for much more comprehensive V&V across all-k

b. Utilize high power EBW system (2 MW) for localized deposition and heating to probe

i. Critical gradient physics

ii. Turbulence spreading

c. Probe mode structure of higher-k fluctuations for identification

i. TEM, ETG strongly ballooning outside (high-B side density fluctuations?)

ii. Modes highly dispersive: ky scan of frequency

iii. Radial streamers from ETG

d. Experimental identification of microtearing modes

i. E-M modes that are extended along field line

ii. Require internal B-field fluctuation measurements

III. Particle Transport

a. Motivation

i. Particle transport not well understood at present

ii. Fertile area for analysis

1. Aids in understanding of microturbulent vs neoclassical transport of ions (complementary to energy transport studies)

2. Can study Helium transport, relating to He ash issue on ITER

iii. Much data already exists

1. Analysis can proceed immediately

2. Diagnostic and facility enhancements will aid studies

iv. NSTX unique in terms of high mirror ratio is SOL (high trapped particle fraction), extend collisionality, q, beta ranges

b. Results

i. Limited to studies of impurity transport in beam-heated H-mode plasmas

ii. Neon-injection into MHD quiescent plasmas

iii. Use tangential SXR with multi-foil capability for energy discrimination

iv. MIST simulations of synthetic SXR diagnostic of He, H-like and higher energy Neon
(Fig. 13)
v. Indicates core D~1 m2/s~neoclassical

(Fig. 14)
vi. Indicates low level of turbulent ion transport, consistent with power balance inferences

c. Plans
i. FY09-11
1.  Assess transport in core, within NBI-fueling regime (r/a<0.55) using TRANSP

a. NBI fueling source dominant in this regime

b. Understand systematic variation of D’s with power, current, BT, etc from pre-existing dataset

c. Relation of Ds to s
(Fig. 15)
i. Are there the same parametric dependences?

d. L- vs H- (particles may be driven by turbulent transport in L, as thermal ion heat flux seems to be)

2. Density peaking study, in conjunction with ITPA

a. Impact for ITER, ST-CTF reactivity

b. Extend range of q, beta, etc in database

c. L- vs H-modes

d. Relation to particle pinch

3. Modulated core fueling with beam blips

a. Will have to build up evolution from numerous discharges

b. Use amplitude/phase analysis to determine taup*

c. Determine D, vpinch from data

i. Compare to particle balance value (TRANSP)

ii. Compare to theory

4. Assess transport outside r/a=0.55, which is dominated by wall fueling/recycling

a. Need to determine ionization source using combination of codes

i. Iteration between codes (SOLPS/UEDGE, DEGAS2/EIRENE) to provide 2D ionization source (forward modeling)

ii. Input D, c, R, no, etc
iii. Match profiles ne, Te,.. at midplane; ne, Te, heat flux, … at target plate, 2D divertor radiation profiles

iv. Input parameters to Monte-Carlo codes to determine plasma-neutral source profiles

v. Iterate until convergence, when global particle balance is achieved

b. TRANSP to compute Ds with these source profiles across full plasma radius

i. Assess sensitivities to core fueling

ii. Assess sensitivities and variations from SOL flows for core and wall fueling profiles

5. Impurity transport

a. Assess with impurity puffing, pellet injection at edge

i. Done with SXR or CHERS

ii. SXR requires extensive modeling (MIST) and assumptions to deduce D, vpinch
iii. Difficult to separate D, vpinch in MIST

iv. CHERS more straightforward, but would require

1. Faster CHERS would be helpful (~1 ms temporal resolution)

2. Change in grating for measuring different impurities

v. Can separated D, Vpinch in a straightforward manner using known perturbative impurity source

6. Helium transport

a. Needed for assessment of integrated scenarios in future devices

b. Assess with He puffing or in He plasmas

c. Requires change in CHERS grating to measure emission from He transitions

d. He plasmas can give steady-state D

e. He puffing can give D, vpinch near edge

f. Need to determine He edge source fueling rate: use edge plasma and neutrals code, as in above

7. Effect of LLD on particle transport

ii. FY11-13

1. Assess role of low-k turbulence in controlling core particle transport

a. Newly implemented BES

b. Variation of density fluctuations with D/Dneo
i. L vs H

ii. High vs low density (collisionality effect)

iii. RS vs non RS (q-profile effect)
2. Continue modulated core transport studies

a. Take advantage of upgraded MPTS

b. Higher beam power

3. Continue edge particle transport studies
a. Modulated fueling

i. SGI puffs

ii. Pellet fueling with  D pellet injector

iii. Take advantage of upgraded MPTS

4. Continue impurity transport studies

a. Take advantage of fast CHERS

5. Continue Helium transport studies

a. Assess core effects with change of NBI system

i. Run beams in Helium
6. Verify particle transport characteristics at higher beam power
7. Effect of Lithium wall conditioning on particle, impurity and He transport: how do D, vpinch change?

IV. Momentum Transport 
a. Motivation

i. Rotation in NSTX with NBI is high

1. Leads to strong ExB shearing, which can suppress low-k microturbulence

ii. Important for suppression of MHD modes (internal and external), achieving high performance goals in NSTX, future devices

iii. Want to understand source of this rotation

1. How momentum diffusivity relates to electron and ion energy (and particle) diffusivities

2. Conventional R/a, i due to ITG modes

3. NSTX not true, do not scale either

a. f neoclassical?

b. Due to ITG suppression?

4. Understand effect of rotation, ExB shear on energy and particle confinement

5. Study intrinsic rotation (no NBI source)

b. Results

i. Steady-state  obtained from TRANSP calcs for H-modes

ii. Statistical studies show i are unrelated; do not scale (Fig. 16)

iii.  from dedicated scans scales better with electrons than ions
(Fig. 17)

iv. Dedicate momentum confinement studies use perturbations of v from RMP blips
(Fig. 18)

v. Infer , vpinch after RMP turn off when NBI is only known torque

1. >>E, ​ model~ mom. Balance
(Fig. 19)

2. , vpinch also inferred
(Fig. 20)

vi. NTV theory torque from RMP consistent with dL/dt      (Fig. 20)

c. Plans

i. FY09-10

1. Continue RMP studies inferring , vpinch at RMP turn off under different discharge conditions

a. Relate to theory

i. Peeters Coriolis effect

ii. Hahm B-drift, thermoelectric effect

2. Deduce , vpinch from time of RMP on

a. Estimate RMP torque from NTV theory

b. Consistent with post RMP-values?

c. Does NTV theory provide a consistent picture? Is it extrapolatable to other, future devices?

3. L- vs H- steady-state determination of 
a. Is i recovered in L when ITG not suppressed and neo?

4. Edge Zonal Flows with Doppler Reflectometry

a. L-mode plasmas

b. Dependence on discharge parameters (q, …)

ii. FY11-13

1. Continue rotation modulation studies using RMP 
a. Fast CHERS allows phase/amplitude analysis with series of RMP blips

2. Relation of low-k fluctuations from BES with momentum transport in L- and H-modes

3. Zonal Flow/GAM studies using BES

a. Coupling to other microinstabilities

b. Bicoherence analysis

c. Effect on transport

4. Begin study of intrinsic rotation using fast CHERS (non-perturbing beam blip into OH, RF plasmas

iii. FY13

1. Continue intrinsic rotation studies using imaging X-ray crystal spectrometer (non-beam-based diagnostic)

V. Tools and Modeling

a. Present tools

i. TRANSP for transport analysis

ii. Embryonic pTRANSP for predictive transport analysis, discharge scenario development (need good, benchmarked transport model relevant to low R/a)

iii. Linear and non-linear gyrokinetic analysis

1. GTC-NEO – finite banana width, non-local effects for neoclassical

2. GS2 flux tube – kinetic electron/ions, finite beta, gen. Geo

3. GYRO – global, contains all features

4. GEM – U. of Colorado collaboration, being tested for low-k (microtearing), global code that contains all features

a. High-k, kinetic electron version not yet working

5. GTC – global, still under development for high-k, finite beta to explore electron scale modes (and ion modes without scale separation)

b. Plans: Use all tools at disposal, with eye towards V&V at all levels
i. FY09-10

1. 2D/3D neutrals package implemented in TRANSP to aid in particle transport studies

2. pTRANSP used to validate predictive models such as those given by TGLF

3. GTC-NEO upgraded with multiple species will be utilized to test neoclassical theory with v measurements

4. GYRO simulations with synthetic diagnostics over full range of k

5. GTC simulations with kinetic electrons and synthetic diagnostics for high-k will begin
a. Multi-ion species capability

6. GEM simulations for low-k (microtearing)

a. Develop version with kinetic electrons

7. Couple GTC-NEO with non-linear calcs (GYRO, GTC) to evaluate neoclassical and non-diffusive turbulent flux (pinch and residual stress) or toroidal angular momentum

ii. FY11

1. Initial comparisons of gyrokinetic codes with synthetic diagnostics and BES on NSTX

a. Role of Zonal Flows and relation and coupling to low-k turbulence

2. pTRANSP simulations getting more sophisticated as plasma transport properties more fully understood and physics-based

3. Begin tests of turbulence spreading using results from local EBW deposition experiments – comparison with code predictions

iii. FY12

1. Predict scalings of ion and electron heat, and particle transport with respect to dimensionless variables at different radii with realistic profiles

a. Use gyrokinetic analysis with full features, collisions, turbulence spreading, etc.

b. TGLF-type codes

c. Compare to expt. Results (part of V&V) 

iv. FY13

1. Fully predictive simulation capabilities will continue to be developed

a. Combine with other simulations (e.g., MHD) to form fully integrated scenario development package

b. Use as a basis for developing actual expt’l discharge scenarios in NSTX and in future devices

VI. Facility and Diagnostic Upgrades

a. FY09

i. Additional MPTS edge channels

ii. Full poloidal CHERS for poloidal velocity

iii. Full FIDA for beam deposition profiles for power balance

iv. High-k backscattering

b. FY10

i. Filters for CCD cameras for He recycling profiles

ii. Fast CHERS (?)

iii. Extra channels for ERD (edge toroidal and poloidal rotation)

iv. Low power ECH/EBW system

c. FY11
i. High-kq measurement

ii. MPTS upgrade to 45 channels, 100 Hz

iii. BES

iv. Second neutral beam

d. FY12

i. Initial high power EBW

ii. Divertor Thomson Scattering

e. FY13

i. Microwave imaging reflectometer (MIR)

ii. Imaging x-ray crystal spectrometer

Internal-B fluctuation measurements (TBD)
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