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Abstract. The mission of NSTX is the demonstration of the physics basisrequired to extrapo-

late to the next steps for the spherical torus (ST), such as a plasma facing component test facility

(NHTX) or an ST based component test facility (ST-CTF), and to support ITER. Key issues for

the ST are transport, and steady state highβ operation. To better understand electron transport,

a new high-k scattering diagnostic was used extensively to investigate electron gyro-scale fluc-

tuations with varying electron temperature gradient scale-length. Results fromn = 3 braking

studies confirm the flow shear dependence of ion transport. New results from electron Bernstein

wave emission measurements from plasmas with lithium wall coating applied indicate transmis-

sion efficiencies near 70% in H-mode as a result of reduced collisionality. Improved coupling

of High Harmonic Fast-Waves has been achieved by reducing the edge density relative to the

critical density for surface wave coupling. In order to achieve high bootstrap fraction, future

ST designs envision running at very high elongation. Plasmas have been maintained on NSTX

at very low internal inductancel i ∼ 0.4 with strong shaping (κ ∼ 2.7, δ ∼ 0.8) with βN ap-

proaching the with-wall beta limit for several energy confinement times. By operating at lower

collisionality in this regime, NSTX has achieved record non-inductive current drive fraction

fNI ∼ 71%. Instabilities driven by super-Alfvénic ions are an important issue for all burning

plasmas, including ITER. Fast ions from NBI on NSTX are super-Alfvénic. Linear TAE thresh-

olds and appreciable fast-ion loss during multi-mode bursts are measured and these results are

compared to theory. RWM/RFA feedback combined with n=3 error field control was used on

NSTX to maintain plasma rotation withβ above the no-wall limit. The impact ofn > 1 error

fields on stability is a important result for ITER. Other highlights are: results of lithium coating

experiments, momentum confinement studies, scrape-off layer width scaling, demonstration of

divertor heat load mitigation in strongly shaped plasmas, and coupling of CHI plasmas to OH

ramp-up. These results advance the ST towards next step fusion energy devices such as NHTX

and ST-CTF.

1. Introduction

The spherical torus (ST) concept [1] has been proposed as a potential fusion
reactor [2] as well as a Component Test Facility (ST-CTF) [3]. The National
Spherical Torus eXperiment (NSTX) [4], which has been in operation since
1999, has as its primary mission element to understand and utilize the advan-
tages of the ST configuration by establishing attractive ST operating scenarios
and configurations - in particular, highβ steady state scenarios with good con-
finement. As an additional mission element, NSTX exploits its unique capabili-
ties to complement the established tokamak database and thereby support ITER
by expanding the breadth of the range of operating parameters such as lower A,
very highβ, high vf ast/vAl f vèn, as well as other important plasma parameters.
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This broader range of experience helps clarify uncertainties in extrapolating to
ITER by removing degeneracies in physics scaling. The thirdmain element of
the NSTX mission is to understand the physics properties of the ST, brought
about by operating in this unique regime. Understanding thephysics of the ST
provides the basic framework for success with the first two mission elements
described above.

With the mission elements described above as a guide for determining re-
search priorities, the NSTX program is organized accordingto basic science
topics which will be covered in the following sections: 2) Transport and Tur-
bulence Physics, 3) Boundary Physics, 4) MHD Physics, 5) Waves Physics, 6)
Fast Particle Physics, 7) Solenoid Free Startup, and 8) Advanced Scenarios and
Control. This paper will describe progress in each of these areas over the 2007
and 2008 period, following these topical divisions. Also, this period saw the
execution of experiments done in response to explicit ITER requests for data
which are direct inputs to the design review process. These topics are covered
in the final section, 9) Activities in Direct Support of ITER,just before the
summary.

2. Transport and Turbulence Physics

a. Electron Energy Transport

The cause of anomalous electron energy transport in toroidal confinement
devices is still an outstanding issue. There are numerous examples of potential
explanations of this important phenomenon in the literature (see, e.g. [5, 6, 7])
invoking differing turbulent processes. However, due to the fundamental dif-
ficulty of measuring turbulence on the electron length scale, the experimental
data to test these theories has been absent. Because of its relatively low mag-
netic field and high plasma temperature, both of which tend toincrease the
scale-length of the electron gyro-scale turbulence, the STis in many ways an
ideal configuration on which to carry out research on the important topic of
electron turbulent energy transport.

To facilitate this research, a microwave scattering diagnostic has been devel-
oped and deployed on NSTX which is capable of a spatial resolution of 2.5cm
together with a wave number resolution of 1cm−1 and which, by using steer-
able optics, is capable of sampling the entire plasma minor radius and measures
predominantlykr in the range from 2 to 24cm−1 [8]. Dedicated scans which
measured the fluctuation amplitude as a function of bothkr and minor radius

4



were performed in a variety of plasma conditions.
An illustrative example, which was originally published inreference [9], is

shown in the top frame of Figure 1. Shown are two discharges for which the
electron heating power from the NSTX High Harmonic Fast Wave(HHFW)
system was varied from 0.0MW (black) to 1.6MW (red). The high-k scattering
system was focused on the inflection point of the electron temperature profile
as indicated by the blue band in the figure. For this particular discharge, the
variation of the normalized inverse electron temperature gradient scale-length
R/LTe ≡ (R/Te)dTe/dr was from 15cm (red) to 50cm (black). The measured
spectral density fork⊥ = 11cm−1, shown in the second panel of Figure 1, shows
a much higher fluctuation amplitude for large values ofR/LTe. Negative fre-
quencies in the figure correspond to fluctuations propagating in the electron
direction.

To gain insight into the origin of the observed fluctuation spectrum, a linear
version of the GS2 stability code [10] is used to obtain the normalized criti-
cal gradient(R/LTe)crit for the onset of the ETG instability. This code solves
the gyro-kinetic Vlasov-Maxwell equations, including both passing and trapped
particles, electromagnetic effects, and a Lorentz collision operator. The results
are shown in Figure 2, where the critical gradient is compared with the mea-
sured normalized temperature gradientR/LTe for the case of Figure 1. Also
shown in the figure is the critical gradient scale length according to the rela-
tion described in Reference [11]. From this, we conclude that the ETG mode
is indeed unstable over most of the RF pulse where the electron temperature
gradient is greater than the critical gradient.

b. Ion Energy Transport

Because of its low magnetic field and strong uni-directionalneutral beam
heating, NSTX operates with very high levels ofE×B flow-shear withγE×B ∼
1MHz, which is up to five times larger than the typical value ofthe maximum
growth rate of ITG modes [12] as calculated by the GS2 code. This means that
for these cases we expect turbulence on the ion scale length to be suppressed
and that transport physics will be determined by other phenomena.

To test the hypothesis that ion turbulent transport is suppressed an experi-
ment was performed using then= 3 non-resonant braking capability [13] avail-
able on NSTX. A predominantlyn= 3 error field is applied to the plasma using
the NSTX non-axisymmetric coils, which has the effect of reducing the edge
plasma rotation and creating a region of low velocity shear.The ion thermal dif-
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fusivity is deduced from magnetic plasma reconstructions and the entire NSTX
profile dataset (Te,ne from Thomson scattering at 30 radial points and 16ms
temporal resolution,Ti,ni from charge exchange recombination spectroscopy
at 51 radial points with 10ms temporal resolution, andBθ/Bφ motional Stark-
effect polarimetry with 16 radial points and 10ms temporal resolution) is used
as input to the TRANSP code [14].

Shown in Figure 3 are the results from the above analysis for aseries of
discharges for which the n=3 braking was varied. Also shown in the figure
is the measured velocity shear profile for each of the discharges. It can be
seen that in the outer region of the profile the ion diffusivity increases as the
velocity shear decreases, with good spatial correlation between the measured
change in velocity and the reduced confinement. From this we conclude that
the turbulence-driven ion-energy loss goes from sub-dominant (χi ∼ χineo) to
dominant (4x neoclassical diffusivity) as the velocity shear is reduced.

c. Momentum Transport

Because of the importance ofE×B shear in stabilizing instabilities over the
k⊥ρi ∼ 1 range of wavelengths, it is important to understand the mechanisms
that determine the transport of momentum in toroidal devices. In the regime of
reduced ion-scale turbulence, it is still possible to inferthe effect of the residual
turbulence on transport by studying the transport of momentum. This is be-
cause, whereas the neoclassical ion thermal diffusivity islarge compared to the
calculated turbulent ion thermal diffusivity, the neoclassical momentum trans-
port is negligible in comparison to the residual turbulent transport of momen-
tum. Shown in Figure 4 are the measured and calculated neoclassical momen-
tum and thermal diffusivities as determined and the GTC-Neocode [15]. This
result indicates that the primary driver for the momentum transport on NSTX is
something other than neoclassical transport. Momentum pinch velocities have
also been shown to be consistent with residual low-k turbulence drive [16, 17].

3. Boundary Physics

a. Lithium Wall Coating

In 2007 the lithium evaporator (LITER) previously employedon NSTX [18]
was upgraded to allow a higher operating temperature and thereby allow higher
evaporation rates. The reservoir and the exit duct were alsoenlarged and re-
aimed to optimize the deposition geometry. Lithium deposition rates up to about
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60 mg/min were used and the amount of lithium applied prior toa discharge
ranged from a few mg to over 2 g, with a total of 93 g of lithium being evap-
orated during the year. The improved lithium deposition rate allowed for the
routine application of lithium between discharges, permitting for the first time
the accumulation of a statistical database showing the effect of lithium coatings
on confinement. The average relative increase in the electron stored energy due
to lithium was observed to be∼ 20%.

In 2008, the lithium evaporator system was further expanded[19] to include
a second LITER to facilitate more complete coverage of the divertor since the
pumping effect of lithium is proportional to the surface coverage. The improved
lithium coverage led to a further increase in the observed confinement improve-
ment. For reference discharges, the average relative increase in electron stored
energy with the dual LITER was 44%, nearly double that achieved with a single
LITER. As was the case in 2007, the bulk of the increase in total plasma stored
energy was in the electron channel. The electron stored energy plotted versus
the total stored energy is shown in Figure 5. The addition of the second evapora-
tor also enabled the development of an operational scenariothat did not rely on
helium discharge cleaning. The no-glow scenario decreasedthe time between
plasma discharges and reduced helium contamination in subsequent discharges.

Another important effect of the application of lithium coatings was the re-
liable suppression of ELMs. This effect is illustrated in Figure 6. The figure
shows a plasma discharge which preceded the application of lithium, as well
as a series of discharges that came after the deposition of lithium. The steady
increase of the duration of the ELM free periods is apparent.

b. Scrape-off Layer Width Scaling

Owing to geometric factors and generally high power densityas character-
ized by theP/Rparameter, outer divertor peak heat flux in excess of 10MW/m2

has been measured in NSTX [20]. While this high heat flux has been han-
dled both through active puffing for detachment [21] and shaping to increase
the divertor footprint [22, 23], future machine design requires an estimate of
the unmitigated heat flux to assess the operating space limitations. To reliably
project forward to next step devices, an understanding of the processes that set
the target plate heat flux footprint is needed.

We have examined the ratio of SOL widths (projected to the outer midplane)
and found the ratio ofλTe/λq to be consistent with parallel electron conduc-
tion being the dominant scrape-off layer (SOL) heat transport mechanism on
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the open field lines in the near SOL [24]. From the parallel power balance
equation,λTe/λq = 7/2 is expected if electron conduction dominates the heat
transport. In the near SOL,λTe/λq ∼ 2.6 has been measured in type V ELMy
H-mode discharges (and up to 3 in ELM-free H-mode), withλTe obtained from
a fast reciprocating probe andλq from IR camera data mapped to the magnetic
midplane, with both profiles fit to simple exponential functions (panels a and
b in Figure 7). It is noted that use of offset exponential fitting functions both
changes the measuredλTe ∼ 1.8, as well as the theoreticalλTe ∼ 2.2, owing
to proper substitution of the radial profile form back into the parallel power
balance equation [24]. In the far SOL, very broad SOL widths are measured,
characteristic of neither conduction limited nor sheath limited heat transport. In
addition, the SOL widths are seen to narrow significantly with plasma current
[25, 26].

c. Divertor Heat Flux Reduction

Experiments conducted in high-performance H-mode discharges demonstrated
that significant reduction of the divertor peak heat flux,qpk, and access to de-
tachment is facilitated naturally in a highly-shaped ST. Because of the high
poloidal magnetic flux expansion factor between the midplane SOL and the
divertor plate strike point (18-26) and higher SOL area expansion, the diver-
tor particle and heat fluxes are much lower in the highly-shaped plasmas than
in similar plasmas with lower-end shaping parameters [23].In addition, the
higher radiative plasma volume and the plasma plugging effect counterbalanc-
ing the open configuration of the NSTX divertor facilitate access to the radiative
divertor regime with reduced heat flux.

Steady-state measurements of divertor peak heat flux in NSTXshowed that
qpk increases monotonically with NBI heating power and plasma current [25]
due to the corresponding increase in the power fraction flowing into the scrape-
off layer and the decrease in the connection length (proportional to q). Access
to the partially detached divertor (PDD) regime was demonstrated in 1.0 - 1.2
MA 6 MW NBI-heated discharges using additional divertor deuterium injec-
tion. These discharges represent the most challenging casefor divertor heat flux
mitigation in NSTX asqpk in the range 6-12MW/m2 is routinely measured. A
partial detachment of the outer strike point was induced at several gas puffing
rates in 6 MW, 1.0 MA discharges while good core confinement and pedestal
characteristics were maintained as shown in Figure 8. Steady-state heat flux
reduction in 6 MW, 1.2 MA discharges from 4-10MW/m2 to 1.5-3MW/m2 re-
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quired higher gas puffing rates. While core plasma confinement properties were
not degraded,β-limit related disruptive MHD activity led to the pulse length
reduction by 10-15%. The partial outer strike point detachment was evidenced
by a 30-60% increase in divertor plasma radiation, a peak heat flux reduction
up to 60%, measured in a 10 cm radial zone adjacent to the strike point, a 30 -
80% increase in divertor neutral compression, and a reduction in ion flux to the
plate. Divertor plasma density increased to 3-4 x 1020m−3 and a significant vol-
ume recombination rate increase in the PDD zone was measured. At higher gas
puffing rates, an X-point MARFE was formed suggesting that further radiative
divertor regime optimization in NSTX would require active divertor pumping
[27].

4. MHD Physics

a. Error Fields and RFA/RWM Control

At high β, error field correction can aid sustainment of high toroidalrotation
needed for passive (rotational) stabilization of then = 1 resistive wall mode
(RWM) and/or suppression of then = 1 resonant field amplification (RFA). In
2006, algorithms were developed to correct for a toroidal field (TF) error-field
that results from motion of the TF coil induced by an electromagnetic interac-
tion between the ohmic heating (OH) and TF coils [28]. In 2007significant
emphasis was placed on utilizing improved mode detection tobetter identify
and control the RFA/RWM and more complete understanding of the intrinsic
error field. The improved RFA/RWM control used the full complement of in-
vessel poloidal field sensors for mode identification, and optimized the relative
phase of the upper and lower sensors to best discriminate betweenn = 1 and
n > 1 fields. Improved detection increases the signal to noise, improves mode
detection during any mode deformation, and allows for increased proportional
gain during feedback-controlled RFA/RWM. In fact, in 2007,using optimized
Bp sensors in the control system allowed feedback to provide all of then= 1 er-
ror field correction at high beta, whereas previousn = 1 EF correction required
an a priori estimate of intrinsic EF. To train the RFA/RWM control system,
an n = 1 EF was purposely applied to reduce the plasma rotation and desta-
bilize then = 1 RWM. Then, phase scans were performed find the corrective
feedback phase that reduced the purposely applied EF currents. The gain was
then increased until the applied EF currents were nearly completely nulled and
plasma stability restored.
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Beyondn = 1 error fields,n = 3 error fields were found to be important
in NSTX, particularly at highβN. In experiments that varied the polarity and
amplitude of an appliedn = 3 error field, plasma pulse-lengths varied by as
much as a factor of 2 depending onn = 3 polarity. It is noteworthy thatn > 1
error fields are not commonly addressed in present devices, or in future burning
plasma devices such as ITER. Interestingly,n = 2 fields were also investigated
but within detection limits all phases of appliedn = 2 field were found to be
deleterious to plasma performance, indicating that NSTX does not benefit from
n = 2 error correction.

At the end of 2007,n = 1RFA suppression was combined with then = 3
error field correction. The scenario was so successful that it was widely utilized
in 2008 to improve plasma operations. The application of both n = 3 correction
andn = 1 RFA/RWM control has enabled the maintenance of plasma rotation
at high-β throughout the plasma discharge. As can be seen in Figure 9, the
plasma rotation profile is maintained throughout the periodthat CHERS data is
available.βN ∼ 5MA/(m·T) is maintained for 3-4τCR, and the plasma current
flat-top is 1.6s, a ST record. Previously long pulse discharges at high-β were
limited by a slow degradation of rotation in the plasma core with the eventual
onset of either a saturated internal kink mode [29] or an RWM [30].

b. Resistive Wall Modes and Neoclassical Toroidal Viscosity

NSTX has demonstrated the stabilization of the resistive wall mode [31] by
using non-resonantn = 3 magnetic braking [13] to slow plasma rotation below
the critical rotation for stabilizing the RWM, and then stabilizing the plasma
usingn= 1 feedback. Recent experiments have probed the relationship between
rotation and RWM stability. The results show greater complexity of the critical
rotation,ωcrit , for RWM stabilization than can be explained by simple RWM
models. Recent analysis looking at more complete theory of RWM stability [32]
has had initial success in explaining observations. The theory includes effects of
kinetic interactions between the mode and the precession oftrapped ions. Initial
investigations as to whether this more complete theory can explain the physics
of the observed RWM stability thresholds on NSTX have shown correct scalings
of the mode onset with collisionality and rotation and has predicted the onset of
instability under varying plasma conditions, as discussedin Reference [33].

In addition, experiments investigating the physics of neoclassical toroidal
viscosity [34] have been extended to study the effects of predominantlyn = 2
applied fields. As expected then = 2 fields slow the plasma over a wider radial
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extent due to the slower fall-off the radial eigenfunction of the applied perturba-
tion. Another advantage of then= 2 braking study is that the toroidal spectrum
of the applied field for this configuration has very lown = 1 field component.
The lown = 1 component eliminates any issue of resonant damping being the
cause of the observed rotation reduction. Another series ofexperiments exam-
ined the collisionality dependence of the braking torque and found that, asTi

was raised by the application of lithium coating, the braking torque increased.
The increase in torque was observed to scale asTNTV ∼ T5/2

i , consistent with
the predictions of theory [13, 34, 33].

c. The effect of rotation on NTMs

Plasma rotation and/or rotation shear are believed to play important roles in
determining the stability of Neoclassical Tearing Modes (NTMs) [35]. Results
from DIII-D using mixed co/counter balance show that for the3/2 mode, the
saturatedm/n=3/2 neoclassical islands are larger when the rotation shear is re-
duced. Furthermore, the onsetβN for the 2/1 mode is lower at reduced rotation
and rotation shear.

Experiments in NSTX [36] have studied the onset conditions for the 2/1
mode, as a function of rotation and rotation shear, where n=3magnetic braking
has been utilized to slow rotation. By studying many discharges with a range of
braking levels and injection torques, a wide variety of points in rotation/rotation
shear space have been achieved. Additionally, all NTM relevant quantities, such
as the rotation shear and bootstrap drive for the mode, have been calculated
using correct low-aspect ratio formulations.

The results of this exercise are shown in Figure 10, where thebootstrap drive
at NTM onset is plotted against a) plasma rotation frequencyat q=2, and b) lo-
cal rotation shear at q=2; larger values of drive at mode onset imply increased
stability. The color scheme is related to the triggering mechanism: the modes
are observed to be triggered by energetic particle modes (EPMs, orange points),
Edge Localized Modes (ELMs, blue points), or in some cases grow without a
trigger (purple points). Considering frame a), there is no clear trend in the onset
threshold with rotation, either within each trigger type orconsidering all of the
points as a group. This is in contrast to the data in b), where the onset NTM
drive is plotted against the rotation shear at q=2. The entire set of points shows
increasing drive required at larger local flow shear. Furthermore, the colored
lines show that within each trigger type, the onset threshold depends on the lo-
cal rotation shear, with EPMs triggering the modes at the lowest drive, ELMS
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at intermediate levels, and the trigger-less NTM occurringat the largest boot-
strap drive. These and other NSTX results, coupled to DIII-Dmeasurements,
imply that sheared rotation, and its synergistic coupling to magnetic shear, can
strongly affect tearing mode stability.

5. Wave Physics

a. High Harmonic Fast Wave heating

The NSTX High Harmonic Fast Wave system (HHFW) is capable of deliver-
ing 6MW of 30MHz heating power through a 12 strap antenna which can excite
waves with 3.5m−1 < |k‖| < 14m−1. Substantial progress was made on under-
standing coupling of HHFW to achieve efficient electron heating. The improved
coupling efficiency is associated with controlling the edgeplasma density to be-
low the critical density for coupling to surface waves (where necrit ∼ B×k2

‖/ω)
[38]. Coupling control has been accomplished by both: a) reducing the edge
plasma density, and b) increasing the critical density for surface wave coupling
by operating at higher toroidal field. Scaling of the heatingefficiency shows
good agreement withnantenna< ncrit as the relevant criterion. This is an impor-
tant issue for ITER, because the ITER ICRH antenna is designed to run with
relatively lowk‖, indicating a lowncrit ∼ 1.4×1018m−3.

After extensive wall conditioning which included lithium evaporation, HHFW
heating in deuterium plasmas, for which control of the density had been more
difficult than for helium plasmas, was as successful as that for helium plasmas
[37].

Central electron temperatures of 5 keV have been achieved inboth He and
D plasmas with the application of 3.1 MW HHFW atk‖ = −14m−1, and at a
toroidal magnetic field ofBt = 0.55 T, as shown in Figure 11a and 11b. These
high heating efficiency results were obtained by keeping theedge density of the
plasma below the critical density for perpendicular wave propagation for the
chosen antenna toroidal wavenumber, presumably thereby reducing the wave
fields at the edge of the plasma and the edge RF power losses [38]. The edge
losses at the lower antenna phasings (longer toroidal wavelengths) are the hard-
est to control but a phase scan in deuterium has shown efficient heating down to
antenna phase ofk‖ =−7m−1 [37, 39] and significant heating has been obtained
in deuterium atk‖ = −3.5m−1 for the first time [39].

Advanced RF modeling of the HHFW wave propagation in NSTX shows
that the waves propagate at a significant angle to the normal to the toroidal field
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in entering the plasma, which also can enhance the interaction of the fields with
the antenna/wall structures. These modeling results also predict very high single
pass damping in the NSTX plasma [39], so that if the initial interaction with the
antenna/wall can be suppressed by placing the onset densityfor perpendicular
propagation away from these structures, very low edge loss will occur resulting
in high heating efficiency. This makes the NSTX plasma an ideal test-bed for
benchmarking models in advanced RF codes for RF power loss inthe vicinity
of the antenna as they are developed. Experiments have begunon NSTX to
optimize HHFW core heating of neutral beam driven H-mode deuterium plas-
mas. Again with a well conditioned wall, significant core electron heating, as
evidenced by an increase∼ 0.7 keV inTe(0) and a factor of∼ 2 in central elec-
tron pressure as indicated in Figure 11c, has been observed for 1 MA, 0.55 T
operation for an antenna phase of 180◦ (k‖ = 14, 18m−1). This result contrasts
strongly with the total lack of heating found earlier atBt = 4.5 T [40], and is
useful for the study of electron transport in the NSTX core plasma.

b. Electron Bernstein Wave Coupling Studies

Significant increases in thermal Electron Bernstein Wave (EBW) emission
were observed with an EBW radiometer diagnostic [41] duringNSTX H-mode
discharges conditioned with evaporated lithium [42]. Withthe injection of
lithium, the transmission efficiency of fundamental frequency EBW emission
at 18GHz, thermally emitted from near the core of NSTX H-modeplasmas,
increased from 10% to 55-70%. Correspondingly, the second harmonic EBW
transmission from near the plasma core increased from 20% to50% with the
addition of lithium plasma conditioning. Figure 12 (a) shows the central elec-
tron temperatureTe(0) time evolution for twoIp = 0.8 MA, H-mode plasmas,
one without lithium evaporation (shot 124284, solid black line) and the other
with 19 mg/min of lithium evaporation, after 286 mg of lithium had already
been evaporated into the NSTX vacuum vessel (shot 124309, dashed red line).
Both shots had L- to H-mode transitions at 0.14 s (indicated by the vertical
dashed line in Figure 12 ). The discharge without lithium conditioning exhibits
a collapse of EBWTrad from 300eV immediately before the L- to H-mode tran-
sition to about 50-100 eV during the H-mode phase. In contrast, the plasma
with lithium conditioning has a large rise in EBWTrad after the L- to H-mode
transition, initially to 400 eV and then to 500-600 eV later in the H-mode phase.
Figure 12 (c) shows the EBW transmission efficiency from the plasma core to
the EBW radiometer antenna following mode conversion in theplasma scrape
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off layer. The EBW transmission efficiency is less than 10% during the H-mode
phase for the plasma without lithium conditioning but is 50-70% throughout the
H-mode phase of the plasma with lithium conditioning. TheseEBW emission
measurements have been compared to results from an EBW emission simulation
code [43] that includes the magnetic plasma equilibrium andTe andne profiles
from laser Thomson scattering. The dramatic increase in EBWtransmission ef-
ficiency with the addition of lithium evaporation during NSTX H-mode plasmas
is consistent with a large decrease in EBW collisional damping prior to mode
conversion in the scrape off layer.

6. Fast Particle Physics

While single Toroidal Alfv́en Eigenmodes (TAE) are not expected to cause
substantial fast ion transport in ITER, multiple modes, particularly if they strongly
interact, becoming non-linear as in an “avalanche event” [44], can affect igni-
tion thresholds, redistribute beam-driven currents and damage PFCs on ITER.
NSTX is an excellent device for studying these modes becauseof its high
vf ast/vAl f vèn. The TAE avalanche threshold has been measured on NSTX and
the concomitant fast ion losses are studied with measurements of internal mode
structure, amplitude and frequency evolution and measurements of the fast-ion
distribution [45]. Fast-ion transport is studied with multi-channel NPA diagnos-
tics and fast neutron rate monitors. Of particular interestis that the NPA shows
that redistribution extends down to energies at least as lowas 30 keV, less than
half the full energy of injection. Loss of fast ions is indicated by drops of∼ 10%
in the neutron rate at each avalanche event as is shown in Figure . The plasma
equilibrium is reconstructed during the avalanching period using the equilib-
rium code, LRDFIT, which uses Motional Stark Effect (MSE) data to constrain
the current profile. The NOVA code was used to find eigenmode solutions for
the four dominant TAE modes seen in the avalanche at 0.285s shown in Figure
. The NOVA eigenmode structure, scaled in amplitude and frequency evolu-
tion to experimental measurements, are used to model fast ion transport with
ORBIT. Good agreement is found for the fast ion losses at avalanche events.

7. Solenoid Free Startup

Elimination of the central solenoid would be helpful for theST concept.
Solenoid-free plasma startup is also relevant to steady-state tokamak operation,
as this large inductive component that is located in a high radiation environment
is needed only during the initial discharge initiation and current ramp-up phases.
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Coaxial Helicity Injection (CHI) is a candidate both for plasma startup in
the ST and for edge current drive during the sustained phase [46]. The method
referred to as transient CHI first demonstrated on the HIT-IIexperiment [47],
has now been successfully used in NSTX for plasma startup andcoupling to in-
duction [48]. CHI is implemented by driving current along externally produced
field lines that connect the lower divertor plates in the presence of toroidal and
poloidal magnetic fields. NSTX uses the lower divertor plates as the injector.
The initial injector poloidal field is produced using the lower divertor coils.
This field connects the lower inner and outer divertor plates. Gas is injected
in a region below the divertor plates and a capacitor bank is discharged across
the lower divertor plates. Currents then flow along the poloidal field lines con-
necting the lower divertor plates. As the injected current exceeds a threshold
value, theJ×B force exceeds the restraining force from the injector field lines,
causing the injected field to pull into the vessel as shown in reference [48]. Re-
connection then occurs near the injector, producing a closed flux equilibrium in
the vessel.

NSTX has demonstrated coupling of the CHI produced current to conven-
tional inductive operation. In Figure 14, we show traces forthe injector current,
the plasma current, and the applied inductive loop voltage for a CHI-started
discharge that was coupled to induction. In this discharge 1.5 kA of injector
current produces about 75 kA of toroidal current. The current multiplication,
defined as the ratio of the plasma current to injector current, peaks near 70. The
highest amount of closed flux current produced in NSTX CHI discharges is 160
kA, which is a world record for non-inductively generated closed flux current
is a ST or tokamak. During the decay phase of this current induction is applied
from the central solenoid. The plasma current then ramps-upreaching a peak
value of 700 kA, and the plasma to heats up to over 600eV. Similar discharges
in NSTX have transitioned into H-modes as described in Reference [48].

8. Advanced Scenarios and Control

The achievement of high plasma elongation is critical to thesuccess of the
spherical torus concept, since the bootstrap fraction increases as the square
of the plasma elongation for fixed normalizedβN = βtaBt/Ip, whereIp is the
plasma current,Bt is the vacuum toroidal magnetic field at the plasma geomet-
ric center,a is the plasma minor radius, andβt is the toroidalβ defined as the
βt = 〈P〉/(B2

t /2µ0) where〈P〉 is the pressure averaged over the plasma volume.
Achieving high bootstrap current is crucial to being able tomaintain a spherical
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torus plasma, since there is not room in the center of the ST for a transformer
that can drive current inductively.

The primary motivation for discharge development on NSTX isthe simula-
tion of operational scenarios on proposed future ST devicessuch as NHTX [49]
and ST-CTF [3]. It is proposed that these devices operate at very high elon-
gationκ ∼ 2.7 and with somewhat higher aspect ratio (∼ 1.8) than typical on
NSTX (A∼ 1.3). In 2008 discharges were developed in NSTX that investigate
this regime of operation, achievingκ ∼ 2.7 atβN ∼ 5.5 for 0.5s∼ 2τCR. Figure
15 shows the equilibrium cross-section for such a discharge. These discharges
achieved high non-inductive current fractionsfNI ∼ 65% andfbs∼ 50%, match-
ing the previous best values on NSTX but for longer pulse. Theend of these
high elongation discharges is now determined by the heatinglimits of the TF
coil on NSTX.

Another important distinction between NSTX and future STs is collision-
ality. NSTX, because of its modest size and low field relativeto these future
devices, typically runs with 0.1. ν∗e . 1 over most of the plasma cross-section,
much higher than the values anticipated by devices such as NHTX and/or ST-
CTF. The higher collisionality on NSTX substantially reduces the beam driven
current fraction. Using a scenario that had a lower collisionality and simultane-
ously achieved a record value ofβp, NSTX has been able to demonstrate that
beam driven current scales according to classical predictions and that NSTX
can support simultaneous higher beam driven current and high bootstrap frac-
tion. The discharge in question used both lithium evaporation and transient
techniques to reduce the collisionality and thereby increase the beam driven
current fraction tofNBI ∼ 20%, roughly double that of the discharge shown in
Figure 15. The shot also achieved a record non-inductive current fraction of
fNI ∼ 71%. Whereas this shot used transient techniques to achievethis higher
value of fNI, it represents an important demonstration of the physics required to
move towards the goal offNI ∼ 100%.

As mentioned in Section 4., non-axisymmetricn = 3 error field control and
n = 1 RFA suppression has been recently used as a standard operational tool to
improve plasma discharge performance. This new capabilitywas responsible
for a dramatic increase in the reliability of long pulse operation, extending both
the plasma duration and the peak pulse averagedβN achievable in a plasma
discharge. Shown in Figure 16 are the averageβN (averaged over the plasma
current flat-top) plotted versus the length of the flat-top, spanning the entire
NSTX database for 2008. Black points represent discharges that did not have
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error field+RFA control, red points are plasmas that did haveRFA control. The
separation between the data points indicates the importance of controlling error
fields at high plasmaβ. Whereas it is believed that lithium conditioning was also
important in achieving this improved performance, statistical analysis similar
to that performed in Figure 16 did not show a similar separation in terms of
these parameters between shots and without lithium conditioning. This new
non-axisymmetric field control capability has contributedto the longest plasma
pulse ever created on a spherical tokamak device. The plasmadischarge lasted
for 1.8s, with a plasma current flat-top of 1.6s, limited by heating limits of the
TF coil.

9. Research in Direct Support of ITER

a. The Effect of 3-D Fields on ELM Stability

Motivated by the need for additional information for ITER onthe physics of
3-D applied fields for ELM stabilization, experiments to modify edge stability
and affect ELMs have been conducted in NSTX. The external non-axisymmetric
coil set on NSTX mimics the ITER external coil set in both spectrum and nor-
malized distance from the plasma, so NSTX is an ideal machineon which to
perform these important experiments to clarify this issue for ITER. Here the ex-
ternal coil set was used to applyn= 2, n= 3, andn= 2+3 fields to ELMy dis-
charges. Whereas the signature of the ELMs on several diagnostics was indeed
modified, mitigation of ELMs (i.e. reduction in ELM size) wasnot observed.

On the other hand, the application ofn= 3 fields was observed to de-stabilize
Type I ELMs in ELM-free phases of discharges. This de-stabilization was ob-
served to require a threshold perturbation strength, with stronger perturbations
resulting in a higher ELM frequency. Substantial changes tothe toroidal ro-
tation profile were observed, qualitatively consistent with neoclassical toroidal
viscosity (NTV) non-resonant magnetic breaking [13].

Short pulses ofn= 3 fields were added to ELM-free H-mode discharges, pro-
duced by lithium wall coating, to controllably trigger ELMsand thereby reduce
both the plasma density and the secular increase in the radiated power which
usually occurs when ELMs are suppressed. Figure 17 comparesthe reference
ELM-free discharge (black) with one to which short n=3 perturbations were
added (panel c). Note that the discharge with n=3 field maintains high plasma
stored energy for the entire discharge (panel a), has reduced line-average den-
sity (panel b), shows signatures of the ELMs on divertorDα emission (panel
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d), and reduces the plasma radiated power (panel e). The triggered ELMs ex-
hausted a substantial fraction of core stored energy (δW/Wtot < 25%), but the
average ELM size did decrease with elongation, suggesting apossible route for
optimization. In addition, then = 3 fields were 50-80% successful in trigger-
ing ELMs, depending on the discharge characteristics. The largest ELMs were
typically observed after one of the pulses in the train failed to trigger an ELM.
This suggests that further reduction in average ELM size would be obtained by
improving the triggering efficiency. Finally the maximum triggering frequency
is limited by the field penetration times; internal coils should greatly increase
the maximum triggering frequency, leading to the prospect of smaller average
ELM size.

b. Vertical Stability Studies for ITER

Experiments in NSTX have shown that a typical, highly robustdouble null
plasma target has a measured the maximum controllable vertical displacement
∆Zmax∼ 0.15-0.24m , corresponding to∆Za ∼ 0.23 - 0.37% . Data from a
scan of drift distances are show that upward and downward-directed drifts have
approximately the same maximum controllable displacement. The maximum
displacement calculated for this equilibrium and control configuration using a
TokSys [50] model developed in a collaboration between DIII-D and NSTX is
found to be∼ 0.40 m, or∆Za ∼ 60%. The magnitude of this discrepancy is far
greater than any observed sources of noise, and so is unlikely to be explained by
such effects. A likely contributor to the discrepancy is inaccuracy in modeling
the complex non-axisymmetric passive structures of NSTX. Understanding the
effect of complex non-axisymmetric conducting structurescould be an impor-
tant effect for determining vertical stability on ITER.

10. Summary

Substantial progress has been made towards achieving the primary mission
of NSTX, which is to understand and utilize the advantages ofthe ST configu-
ration by establishing attractive ST steady-state operating scenarios and config-
urations at highβ. NSTX has also clarified numerous outstanding issues (such
as the cause of electron transport, and the effect of plasma rotation on confine-
ment and macroscopic stability) which are generic to toroidal fusion science,
and has contributed to ITER both directly and through increased physics un-
derstanding. These advances have reinforced the case for anST as a first-wall
research device and as a potential fusion neutron producingfacility, as well as
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for a potential reactor.
Turbulent density fluctuations have been observed in NSTX plasmas in the

range of wave numbersk⊥ρe = 0.1-0.4. The large values ofk⊥ρi, propagation
in the electron drift direction, and a strong correlation with R/LTe exclude the
ITG mode as the source of turbulence. Experimental observations and an agree-
ment with numerical results from the linear gyro-kinetic GS2 code support the
conjecture that the observed turbulence is driven by the electron temperature
gradient. Flow shear has been shown to affect the ion confinement in the edge
of NSTX plasmas in a manner consistent withE×B reduction of ITG mode
induced transport. Momentum transport has been measured and shown to be
above that predicted by neoclassical theory, but consistent with the existence
of residual ion-scale turbulence. Lithium evaporation hasbeen used to coat the
NSTX wall and has been an effective tool in increasing electron energy confine-
ment, and suppressing ELMs, a key issue for ITER. The successof this coating
technique has led NSTX to pursue a Liquid Lithium Divertor [51] as part of its
near term research plan. The scaling of scrape-off layer fluxes has been mea-
sured on NSTX, an extremely important issue for future ST devices, such as
the proposed NHTX [49]. Gas puffing experiments have successfully reduced
the heat flux to the NSTX divertor plates, which can reach values of 10MW/m2

similar to ITER.n = 3 error field correction has been combined with n=1 RFA
suppression, improving plasma performance measurably on NSTX. Flow shear
has been shown to be an important affect in the appearance andgrowth of neo-
classical tearing modes, clearly distinguished from the effect of rotation alone.
The physics which determines the coupling of HHFW power through the scrape
of layer has been understood to be dominated by surface wave physics. This
knowledge has been used to improve the efficacy and reliability on HHFW heat-
ing, and should be very helpful to successful RF heating experiments on ITER.
The physics of EBW coupling has been understood and has been shown to be
dominated by collisional damping at the mode conversion layer. It is important
to note that lithium evaporation has been a crucial tool for making progress on
the understanding of both of these important wave physics phenomena. Multi-
mode fast particle MHD has been observed on NSTX, which operates in the
Super Alfv́enic regime. These modes have been modeled and the resultantloss
of fast particles understood quantitatively. The ability to predict the physics
of multi-mode Alfvén waves is crucial to ITER and all future burning plasmas
experiments. NSTX has demonstrated the ability couple traditional inductive
current ramp to CHI current initiation and shown that plasmaperformance is
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similar to that without CHI. Even more important to the ST concept is the ability
to maintain the plasma current in steady-state. NSTX has demonstrated 1) the
ability operate withβt and fbs meeting the requirements of ST-CTF and NHTX
using equilibria that match the requirements (κ ∼ 2.8,A∼ 1.6-1.8). NSTX has
also demonstrated a new record non-inductive current fraction with the increase
coming from improved, neutral beam current drive efficiency. This improved
efficiency is a result of operating at lowerν∗, motivating further research in this
regime. Finally, NSTX has made important contributions to the ITER design
review process in the areas of ELM stabilization using non-axisymmetric fields
and in understanding vertical stability.

The substantial scientific productivity of NSTX is a testament to the im-
portance of investigating physics in new regimes. By operating at low aspect
ratio, new physics regimes are investigated and theories are tested and extended,
which helps to clarify physics that is important not just to NSTX and low aspect
ratio devices but to general toroidal fusion science.

*This work was supported by the U.S. Department of Energy Grant under contract number

DE-AC02-76CH03073.
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Figure Captions

Figure 1 a) The electron temperature profiles for two shots with strongly varyingLTe, and

b) the spectral power density of fluctuations withk⊥ = 11cm.

bf Figure 2 a) The time evolution of measured gradientR/LTe (squares) and GS2 critical

gradientR/LTecrit for the onset of the ETG mode (triangles). The dashed line is the critical gra-

dient from Reference [11], and b) the time history of the spectral power density of fluctuations

with k⊥ρe = 0.2−0.4 at R=1.2 m. Negative frequencies correspond to wave propagation in the

electron diamagnetic direction.

Figure 3 a) The measured ion thermal diffusivity b) the measured velocity shear varying the

applied n=3 braking torque.

Figure 4 The measured ion thermal and momentum diffusivity comparedto that predicted

by GTC-Neo [15].

Figure 5 The increase in electron thermal stored energy plotted vs. total plasma stored

energy for data from standard reference discharges in 2008.

Figure 6 The suppression of ELMs after a sequence of shots with steadyapplication of

lithium, with the amount of applied lithium increasing fromthe top frame to the bottom frame.

Figure 7 The measured values ofλTe andλq as determined from reciprocating probe data

and IR camera data

Figure 8 A reference 6 MW, 1.0 MA discharge (black) and a partially detached divertor

discharge (red) (a) plasma current, NBI power, and line-averaged density, (b) plasma stored

energy, c) radiated power. d) divertor heat flux profiles at specified times for the two discharges.

Figure 9 The measured plasma rotation at various radii plotted vs. time during a discharge

that utilized combinedn = 3 error field correction and n=1 RFA suppression. The plasma
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rotation is maintained for the duration of the discharge.

Figure 10 The variation of the magnitude of the bootstrap drive term for the neoclassical

tearing mode with a) plasma rotation frequencyq = 2, and b) local rotational shear atq = 2.

Figure 11 HHFW heating of electrons for a) helium L-mode, b) deuteriumL-mode and c)

neutral beam driven H-mode deuterium discharges in NSTX. [180◦ antenna phasingkφ = 14-18

m-1,Bt = 0.55 T, andIp = 0.65 MA for a) and b), andIp = 1 MA for c)]

Figure 12 (a) Plasma current and central electron temperature evolution for two H-mode

plasmas, one without lithium conditioning (black solid line) and one with lithium conditioning

(red dashed line). (b) Time evolution of EBW radiation temperature for fundamental emission

from the plasma core at 18 GHz for the two plasmas in Fig. 1(a).(c) EBW transmission

efficiency from the core to the EBW radiometer antenna.

Figure a) Detail spectrogram of single avalanche cycle. Colors indicate toroidal mode

numbers (black 1, red 2, green 3, blue 4, magenta 6), b) neutron rate showing drop at avalanche.

Figure 14 Shown is a discharge (128401) in which a CHI started discharge is coupled to

induction. Note that approximately 2kA of CHI injector current produces about 100kA of CHI

produced plasma current. Application of an inductive loop voltage causes the current to ramp-

up to 700kA. Application of NBI power increases the current ramp-rate.

Figure 15 Reconstruction of a typical highκ ∼ 2.8, highβp ∼ 1.8 equilibrium.

Figure 16 Comparison ofβN averaged over the plasma current flat-top plotted versus the

plasma current flat-top for shots with (red) and without (black) n = 3 error field correction +

n = 1 RFA suppression.

Figure 17 Comparison of an ELM-free discharge (black) with one to which n = 3 fields

were added. a) plasma stored energy for the entire discharge, b) line-average density, c) n=3
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current, d) divertor Dα emission, and e) radiated power.
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