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Abstract. The mission of NSTX is the demonstration of the physics begjsired to extrapo-
late to the next steps for the spherical torus (ST), such &ssana facing component test facility
(NHTX) or an ST based component test facility (ST-CTF), andupport ITER. Key issues for
the ST are transport, and steady state lfigiperation. To better understand electron transport,
a new high-k scattering diagnostic was used extensiveluestigate electron gyro-scale fluc-
tuations with varying electron temperature gradient statgth. Results fronm = 3 braking
studies confirm the flow shear dependence of ion transpovt.rislgults from electron Bernstein
wave emission measurements from plasmas with lithium wealting applied indicate transmis-
sion efficiencies near 70% in H-mode as a result of reducdsicmlality. Improved coupling
of High Harmonic Fast-Waves has been achieved by reducmegdige density relative to the
critical density for surface wave coupling. In order to @@ high bootstrap fraction, future
ST designs envision running at very high elongation. Plashaae been maintained on NSTX
at very low internal inductanck ~ 0.4 with strong shapingk(~ 2.7, ~ 0.8) with By ap-
proaching the with-wall beta limit for several energy coafirent times. By operating at lower
collisionality in this regime, NSTX has achieved record +ioductive current drive fraction
fnr ~ 71%. Instabilities driven by super-Alfvénic ions are ampworntant issue for all burning
plasmas, including ITER. Fast ions from NBIl on NSTX are stfévénic. Linear TAE thresh-
olds and appreciable fast-ion loss during multi-mode Isuast measured and these results are
compared to theory. RWM/RFA feedback combined with n=3rdligdd control was used on
NSTX to maintain plasma rotation wifp above the no-wall limit. The impact af > 1 error
fields on stability is a important result for ITER. Other hights are: results of lithium coating
experiments, momentum confinement studies, scrape-@f laigdth scaling, demonstration of
divertor heat load mitigation in strongly shaped plasmasd, @upling of CHI plasmas to OH
ramp-up. These results advance the ST towards next stemfesergy devices such as NHTX
and ST-CTF.

1. Introduction

The spherical torus (ST) concept [1] has been proposed a®atjab fusion
reactor [2] as well as a Component Test Facility (ST-CTF) [Bhe National
Spherical Torus eXperiment (NSTX) [4], which has been inrapen since
1999, has as its primary mission element to understand almce uhe advan-
tages of the ST configuration by establishing attractive Sdrating scenarios
and configurations - in particular, highsteady state scenarios with good con-
finement. As an additional mission element, NSTX explogsiitique capabili-
ties to complement the established tokamak database amtyhsupport ITER
by expanding the breadth of the range of operating paramsteh as lower A,
very high3, high viast/Vaifven as well as other important plasma parameters.
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This broader range of experience helps clarify unceresnii extrapolating to
ITER by removing degeneracies in physics scaling. The tiiath element of
the NSTX mission is to understand the physics properties®f3T, brought
about by operating in this unique regime. Understandingthesics of the ST
provides the basic framework for success with the first twesion elements
described above.

With the mission elements described above as a guide forndietieg re-
search priorities, the NSTX program is organized accordinbasic science
topics which will be covered in the following sections: 2yamhsport and Tur-
bulence Physics, 3) Boundary Physics, 4) MHD Physics, 5)ad/#&hysics, 6)
Fast Particle Physics, 7) Solenoid Free Startup, and 8) Aab Scenarios and
Control. This paper will describe progress in each of thesasaover the 2007
and 2008 period, following these topical divisions. Aldaistperiod saw the
execution of experiments done in response to explicit ITE§uests for data
which are direct inputs to the design review process. Thesies are covered
in the final section, 9) Activities in Direct Support of ITERist before the
summary.

2. Transport and Turbulence Physics
a. Electron Energy Transport

The cause of anomalous electron energy transport in tdroaddinement
devices is still an outstanding issue. There are numercasgbes of potential
explanations of this important phenomenon in the liteea{see, e.g. [5, 6, 7])
invoking differing turbulent processes. However, due t® filndamental dif-
ficulty of measuring turbulence on the electron length sdhle experimental
data to test these theories has been absent. Because ¢dtiisehe low mag-
netic field and high plasma temperature, both of which tenth¢oease the
scale-length of the electron gyro-scale turbulence, thesSit many ways an
ideal configuration on which to carry out research on the g topic of
electron turbulent energy transport.

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



were performed in a variety of plasma conditions.

An illustrative example, which was originally publishedrgference [9], is
shown in the top frame of Figure 1. Shown are two dischargesvfoch the
electron heating power from the NSTX High Harmonic Fast WgdEIFW)
system was varied from QMW (black) to 1.8MW (red). The high-k scattering
system was focused on the inflection point of the electrorperature profile
as indicated by the blue band in the figure. For this partrcdischarge, the
variation of the normalized inverse electron temperatuealignt scale-length
R/Lt, = (R/Te)dTe/dr was from 15cm (red) to 50cm (black). The measured
spectral density fok, = 11cm1, shown in the second panel of Figure 1, shows
a much higher fluctuation amplitude for large valueRpt 1. Negative fre-
guencies in the figure correspond to fluctuations propagatirthe electron
direction.

To gain insight into the origin of the observed fluctuatioe&pum, a linear
version of the GS2 stability code [10] is used to obtain themadized criti-
cal gradientR/Lt,)crit for the onset of the ETG instability. This code solves
the gyro-kinetic Vlasov-Maxwell equations, including bgassing and trapped
particles, electromagnetic effects, and a Lorentz colisiperator. The results
are shown in Figure 2, where the critical gradient is comghavegh the mea-
sured normalized temperature gradi®jLy, for the case of Figure 1. Also
shown in the figure is the critical gradient scale length adiog to the rela-
tion described in Reference [11]. From this, we conclude tthe ETG mode
is indeed unstable over most of the RF pulse where the efettraperature
gradient is greater than the critical gradient.

b. lon Energy Transport

Because of its low magnetic field and strong uni-directiamalitral beam
heating, NSTX operates with very high levelstok B flow-shear withyg «g ~
1MHz, which is up to five times larger than the typical valugled maximum
growth rate of ITG modes [12] as calculated by the GS2 codes fleans that
for these cases we expect turbulence on the ion scale lemdi $uppressed
and that transport physics will be determined by other phea.

To test the hypothesis that ion turbulent transport is segged an experi-
ment was performed using tine= 3 non-resonant braking capability [13] avail-
able on NSTX. A predominantly = 3 error field is applied to the plasma using
the NSTX non-axisymmetric coils, which has the effect ofugdg the edge
plasma rotation and creating a region of low velocity sh&he ion thermal dif-
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fusivity is deduced from magnetic plasma reconstructiomsthe entire NSTX
profile datasetTg, ne from Thomson scattering at 30 radial points and 16ms
temporal resolution];,n; from charge exchange recombination spectroscopy
at 51 radial points with 10ms temporal resolution, &8adB, motional Stark-
effect polarimetry with 16 radial points and 10ms tempoeaialution) is used
as input to the TRANSP code [14].

Shown in Figure 3 are the results from the above analysis erees of
discharges for which the n=3 braking was varied. Also shawthe figure
is the measured velocity shear profile for each of the diggsar It can be
seen that in the outer region of the profile the ion diffugiviicreases as the
velocity shear decreases, with good spatial correlatidwdxn the measured
change in velocity and the reduced confinement. From thisamelude that
the turbulence-driven ion-energy loss goes from sub-damtiik; ~ Xi..,) tO
dominant (4x neoclassical diffusivity) as the velocity ahes reduced.

c. Momentum Transport

Because of the importance Bfx B shear in stabilizing instabilities over the
k,pi ~ 1 range of wavelengths, it is important to understand thehar@isms
that determine the transport of momentum in toroidal dessite the regime of
reduced ion-scale turbulence, it is still possible to irtfer effect of the residual
turbulence on transport by studying the transport of moorant This is be-
cause, whereas the neoclassical ion thermal diffusivilgrge compared to the
calculated turbulent ion thermal diffusivity, the neosli@al momentum trans-
port is negligible in comparison to the residual turbuleahsport of momen-
tum. Shown in Figure 4 are the measured and calculated rssozdd momen-
tum and thermal diffusivities as determined and the GTC-blaabe [15]. This
result indicates that the primary driver for the momentusnsport on NSTX is
something other than neoclassical transport. Momentuichpielocities have
also been shown to be consistent with residual low-k turimédedrive [16, 17].

3. Boundary Physics
a. Lithium Wall Coating

In 2007 the lithium evaporator (LITER) previously employ@dNSTX [18]
was upgraded to allow a higher operating temperature ameldiallow higher
evaporation rates. The reservoir and the exit duct wereeaitrged and re-
aimed to optimize the deposition geometry. Lithium depositates up to about



60 mg/min were used and the amount of lithium applied prioa @ischarge
ranged from a few mg to over 2 g, with a total of 93 g of lithiumngeevap-
orated during the year. The improved lithium depositior r@towed for the
routine application of lithium between discharges, petingtfor the first time
the accumulation of a statistical database showing thetedfdithium coatings
on confinement. The average relative increase in the etestomed energy due
to lithium was observed to be 20%.

In 2008, the lithium evaporator system was further expanfti@fto include
a second LITER to facilitate more complete coverage of therthr since the
pumping effect of lithium is proportional to the surface emge. The improved
lithium coverage led to a further increase in the observadicement improve-
ment. For reference discharges, the average relativeaser@ electron stored
energy with the dual LITER was 44%, nearly double that acdewith a single
LITER. As was the case in 2007, the bulk of the increase in pdé&ma stored
energy was in the electron channel. The electron storedyemdotted versus
the total stored energy is shown in Figure 5. The additioh@second evapora-
tor also enabled the development of an operational scetiaialid not rely on
helium discharge cleaning. The no-glow scenario decretimetime between
plasma discharges and reduced helium contamination iregubst discharges.

Another important effect of the application of lithium cwags was the re-
liable suppression of ELMs. This effect is illustrated imgiie 6. The figure
shows a plasma discharge which preceded the applicatiathnh, as well
as a series of discharges that came after the depositiothninli. 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 dersstgharacter-
ized by theP/R parameter, outer divertor peak heat flux in excess MMM
has been measured in NSTX [20]. While this high heat flux has bdean-
dled both through active puffing for detachment [21] and si@po increase
the divertor footprint [22, 23], future machine design riegsi an estimate of
the unmitigated heat flux to assess the operating spaceatioms. To reliably
project forward to next step devices, an understandingeoptbcesses that set
the target plate heat flux footprint is needed.

We have examined the ratio of SOL widths (projected to theromidplane)
and found the ratio oAr,/Aq to be consistent with parallel electron conduc-
tion being the dominant scrape-off layer (SOL) heat transpeechanism on
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the open field lines in the near SOL [24]. From the parallel @obalance
equationAt,/Aq = 7/2 is expected if electron conduction dominates the heat
transport. In the near SOR;,/Aq ~ 2.6 has been measured in type V ELMy
H-mode discharges (and up to 3 in ELM-free H-mode), wifhobtained from

a fast reciprocating probe ang from IR camera data mapped to the magnetic
midplane, with both profiles fit to simple exponential fuocs (panels a and

b in Figure 7). It is noted that use of offset exponentialrfgtfunctions both
changes the measured, ~ 1.8, as well as the theoretical, ~ 2.2, owing

to proper substitution of the radial profile form back inte tharallel power
balance equation [24]. In the far SOL, very broad SOL widtlesraeasured,
characteristic of neither conduction limited nor sheathitied heat transport. In
addition, the SOL widths are seen to narrow significantijhvalasma current
[25, 26].

c. Divertor Heat Flux Reduction

Experiments conducted in high-performance H-mode diggsadlemonstrated
that significant reduction of the divertor peak heat flgy,, and access to de-
tachment is facilitated naturally in a highly-shaped STcd&ese of the high
poloidal magnetic flux expansion factor between the midpl&OL and the
divertor plate strike point (18-26) and higher SOL area esjpan, the diver-
tor particle and heat fluxes are much lower in the highly-sdgplasmas than
in similar plasmas with lower-end shaping parameters [d8]addition, the
higher radiative plasma volume and the plasma pluggingeffeunterbalanc-
ing the open configuration of the NSTX divertor facilitateess to the radiative
divertor regime with reduced heat flux.

Steady-state measurements of divertor peak heat flux in NS$ibwed that
Jpk increases monotonically with NBI heating power and plasomaent [25]
due to the corresponding increase in the power fraction figuwnto the scrape-
off layer and the decrease in the connection length (prapw@kto q). Access
to the partially detached divertor (PDD) regime was denrated in 1.0 - 1.2
MA 6 MW NBI-heated discharges using additional divertor @ewm injec-
tion. These discharges represent the most challengingaadieertor heat flux
mitigation in NSTX agjpk in the range 6-1MW /¥ is routinely measured. A
partial detachment of the outer strike point was inducedeatml gas puffing
rates in 6 MW, 1.0 MA discharges while good core confinement @edestal
characteristics were maintained as shown in Figure 8. $istate heat flux
reduction in 6 MW, 1.2 MA discharges from 4-MW /n? to 1.5-3MW /n? re-
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quired higher gas puffing rates. While core plasma confinépreperties were
not degradedp-limit related disruptive MHD activity led to the pulse leihg
reduction by 10-15%. The partial outer strike point detaehtwas evidenced
by a 30-60% increase in divertor plasma radiation, a peakfheareduction
up to 60%, measured in a 10 cm radial zone adjacent to the staint, a 30 -
80% increase in divertor neutral compression, and a realuatiion flux to the
plate. Divertor plasma density increased to 3-4 ¥t 3 and a significant vol-
ume recombination rate increase in the PDD zone was measiragjher gas
puffing rates, an X-point MARFE was formed suggesting thahfr radiative
divertor regime optimization in NSTX would require activeretor pumping
[27].

4. MHD Physics
a. Error Fieldsand RFA/RWM Control

At high 3, error field correction can aid sustainment of high torordétion
needed for passive (rotational) stabilization of the- 1 resistive wall mode
(RWM) and/or suppression of the= 1 resonant field amplification (RFA). In
2006, algorithms were developed to correct for a toroiddd fi&€F) error-field
that results from motion of the TF coil induced by an electagmetic interac-
tion between the ohmic heating (OH) and TF coils [28]. In 2@@yhificant
emphasis was placed on utilizing improved mode detectidoetter identify
and control the RFA/RWM and more complete understandindnefintrinsic
error field. The improved RFA/RWM control used the full complent of in-
vessel poloidal field sensors for mode identification, anithdped the relative
phase of the upper and lower sensors to best discriminateebeth = 1 and
n > 1 fields. Improved detection increases the signal to namspraves mode
detection during any mode deformation, and allows for iasesl proportional
gain during feedback-controlled RFA/RWM. In fact, in 20@i8jng optimized
Bp sensors in the control system allowed feedback to provia tien = 1 er-
ror field correction at high beta, whereas previaus 1 EF correction required
an a priori estimate of intrinsic EF. To train the RFA/RWM tah system,
ann =1 EF was purposely applied to reduce the plasma rotation esthd
bilize then =1 RWM. Then, phase scans were performed find the corrective
feedback phase that reduced the purposely applied EF tsirr€he gain was
then increased until the applied EF currents were nearlyptetely nulled and
plasma stability restored.



Beyondn = 1 error fields,n = 3 error fields were found to be important
in NSTX, particularly at highf3n. In experiments that varied the polarity and
amplitude of an applieth = 3 error field, plasma pulse-lengths varied by as
much as a factor of 2 depending o= 3 polarity. It is noteworthy that > 1
error fields are not commonly addressed in present devic@sfuture burning
plasma devices such as ITER. Interestingly; 2 fields were also investigated
but within detection limits all phases of applied= 2 field were found to be
deleterious to plasma performance, indicating that NST&sdwt benefit from
n= 2 error correction.

At the end of 2007n = 1RFA suppression was combined with the= 3
error field correction. The scenario was so successfultiats widely utilized
in 2008 to improve plasma operations. The application ofibet 3 correction
andn =1 RFA/RWM control has enabled the maintenance of plasmaioata
at highf3 throughout the plasma discharge. As can be seen in Figutee9, t
plasma rotation profile is maintained throughout the pettad CHERS data is
available.fy ~ 5SMA/(m-T) is maintained for 3-%R, and the plasma current
flat-top is 1.6s, a ST record. Previously long pulse disabsm@at highB were
limited by a slow degradation of rotation in the plasma coith\the eventual
onset of either a saturated internal kink mode [29] or an RVBD].[

b. Resistive Wall M odes and Neoclassical Toroidal Viscosity

NSTX has demonstrated the stabilization of the resistivié made [31] by
using non-resonamt= 3 magnetic braking [13] to slow plasma rotation below
the critical rotation for stabilizing the RWM, and then staing the plasma
usingn =1 feedback. Recent experiments have probed the relatmhstween
rotation and RWM stability. The results show greater coxipfeof the critical
rotation, weit, for RWM stabilization than can be explained by simple RWM
models. Recent analysis looking at more complete theory\é¥/Rstability [32]
has had initial success in explaining observations. Tharthacludes effects of
kinetic interactions between the mode and the precessiwapgded ions. Initial
investigations as to whether this more complete theory gptam the physics
of the observed RWM stability thresholds on NSTX have shosrnect scalings
of the mode onset with collisionality and rotation and hasmted the onset of
instability under varying plasma conditions, as discussdreference [33].

In addition, experiments investigating the physics of mesgical toroidal
viscosity [34] have been extended to study the effects adgrenantlyn = 2
applied fields. As expected time= 2 fields slow the plasma over a wider radial

10



extent due to the slower fall-off the radial eigenfunctidéth® applied perturba-
tion. Another advantage of thee= 2 braking study is that the toroidal spectrum
of the applied field for this configuration has very low= 1 field component.
The lown = 1 component eliminates any issue of resonant damping bleég t
cause of the observed rotation reduction. Another seriexériments exam-
ined the collisionality dependence of the braking torque fnund that, ag;
was raised by the application of lithium coating, the brgkiorque increased.

The increase in torque was observed to scal&asy ~ TiS/ 2, consistent with
the predictions of theory [13, 34, 33].

c. Theeffect of rotation on NTMs

Plasma rotation and/or rotation shear are believed to pig@gprtant roles in
determining the stability of Neoclassical Tearing Mode3 i¢) [35]. Results
from DIII-D using mixed co/counter balance show that for 812 mode, the
saturatedn/n=3/2 neoclassical islands are larger when the rotationrsbee-
duced. Furthermore, the on$ for the 2/1 mode is lower at reduced rotation
and rotation shear.

Experiments in NSTX [36] have studied the onset conditiamstlie 2/1
mode, as a function of rotation and rotation shear, wheremag@netic braking
has been utilized to slow rotation. By studying many disghamwith a range of
braking levels and injection torques, a wide variety of p®in rotation/rotation
shear space have been achieved. Additionally, all NTM esleguantities, such
as the rotation shear and bootstrap drive for the mode, heea balculated
using correct low-aspect ratio formulations.

The results of this exercise are shown in Figure 10, wherbdbéstrap drive
at NTM onset is plotted against a) plasma rotation frequatiqz2, and b) lo-
cal rotation shear at g=2; larger values of drive at modetangay increased
stability. The color scheme is related to the triggering nagtsm: the modes
are observed to be triggered by energetic particle modagi$E&range points),
Edge Localized Modes (ELMs, blue points), or in some casew gvithout a
trigger (purple points). Considering frame a), there isleaictrend in the onset
threshold with rotation, either within each trigger typeconsidering all of the
points as a group. This is in contrast to the data in b), whegeohset NTM
drive is plotted against the rotation shear at g=2. Theesgt of points shows
increasing drive required at larger local flow shear. Furtioee, the colored
lines show that within each trigger type, the onset thratdelpends on the lo-
cal rotation shear, with EPMs triggering the modes at theskiwdrive, ELMS

11



at intermediate levels, and the trigger-less NTM occuranthe largest boot-
strap drive. These and other NSTX results, coupled to DIi®asurements,
imply that sheared rotation, and its synergistic couplmgignetic 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 capabletiVer-
ing 6MW of 30MHz heating power through a 12 strap antenna lvban excite
waves with 3.5 < k| < 14m~1. Substantial progress was made on under-
standing coupling of HHFW to achieve efficient electron hreatThe improved
coupling efficiency is associated with controlling the egigsma density to be-
low the critical density for coupling to surface waves (wdeg,, ~ B x kﬁ/w)
[38]. Coupling control has been accomplished by both: aliced) the edge
plasma density, and b) increasing the critical density fofase wave coupling
by operating at higher toroidal field. Scaling of the heatfiiciency shows
good agreement withantenna< Nerit @s the relevant criterion. This is an impor-
tant issue for ITER, because the ITER ICRH antenna is dedigmeun with
relatively lowk, indicating a lowngriy ~ 1.4 x 101%m™3,

After extensive wall conditioning which included lithiunaagooration, HHFW
heating in deuterium plasmas, for which control of the dgrsad been more
difficult than for helium plasmas, was as successful as tiratdlium plasmas
[37].

Central electron temperatures of 5 keV have been achievbdtimnHe and
D plasmas with the application of 3.1 MW HHFW lat = —14m1, and at a
toroidal magnetic field oB; = 0.55 T, as shown in Figure 11a and 11b. These
high heating efficiency results were obtained by keepingtge density of the
plasma below the critical density for perpendicular waveppagation for the
chosen antenna toroidal wavenumber, presumably therelmcire the wave
fields at the edge of the plasma and the edge RF power losgesT38 edge
losses at the lower antenna phasings (longer toroidal wagéis) are the hard-
est to control but a phase scan in deuterium has shown effloéarting down to
antenna phase &f = —7m~1[37, 39] and significant heating has been obtained
in deuterium ak, = —3.5m™* for the first time [39].

Advanced RF modeling of the HHFW wave propagation in NSTXwaho
that the waves propagate at a significant angle to the noonlaéttoroidal field
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in entering the plasma, which also can enhance the interaetithe fields with
the antenna/wall structures. These modeling results a¢zbat very high single
pass damping in the NSTX plasma [39], so that if the initigéraction with the
antenna/wall can be suppressed by placing the onset démsiperpendicular
propagation away from these structures, very low edge Idssaeur resulting
in high heating efficiency. This makes the NSTX plasma anlitkest-bed for
benchmarking models in advanced RF codes for RF power lagimicinity
of the antenna as they are developed. Experiments have lmegM$TX to
optimize HHFW core heating of neutral beam driven H-modet@&um plas-
mas. Again with a well conditioned wall, significant coreatten heating, as
evidenced by an increase0.7 keV inTg(0) and a factor of- 2 in central elec-
tron pressure as indicated in Figure 11c, has been obseswvddMA, 0.55 T
operation for an antenna phase of 18k = 14, 18n11). This result contrasts
strongly with the total lack of heating found earlieriat= 4.5 T [40], and is
useful for the study of electron transport in the NSTX coespia.

b. Electron Bernstein Wave Coupling Studies

Significant increases in thermal Electron Bernstein Wa\@\WEE emission
were observed with an EBW radiometer diagnostic [41] duNi&Y X H-mode
discharges conditioned with evaporated lithium [42]. Witie injection of
lithium, the transmission efficiency of fundamental freqcye EBW emission
at 18GHz, thermally emitted from near the core of NSTX H-mpteesmas,
increased from 10% to 55-70%. Correspondingly, the secanchénic EBW
transmission from near the plasma core increased from 2080% with the
addition of lithium plasma conditioning. Figure 12 (a) sisote central elec-
tron temperaturde(0) time evolution for twol, = 0.8 MA, H-mode plasmas,
one without lithium evaporation (shot 124284, solid blaicie) and the other
with 19 mg/min of lithium evaporation, after 286 mg of litmuhad already
been evaporated into the NSTX vacuum vessel (shot 124368Bedaed line).
Both shots had L- to H-mode transitions at 0.14 s (indicatgdhle vertical
dashed line in Figure 12). The discharge without lithiumditaning exhibits
a collapse of EBWI, 54 from 300eV immediately before the L- to H-mode tran-
sition to about 50-100 eV during the H-mode phase. In coftthe plasma
with lithium conditioning has a large rise in EBW,q after the L- to H-mode
transition, initially to 400 eV and then to 500-600 eV latethe H-mode phase.
Figure 12 (c) shows the EBW transmission efficiency from tlasmma core to
the EBW radiometer antenna following mode conversion inpglasma scrape
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off layer. The EBW transmission efficiency is less than 10%rdypthe H-mode
phase for the plasma without lithium conditioning but isBA throughout the
H-mode phase of the plasma with lithium conditioning. ThEB&V emission
measurements have been compared to results from an EBWa&mssaulation
code [43] that includes the magnetic plasma equilibrium Brahdne profiles
from laser Thomson scattering. The dramatic increase in EBWSmission ef-
ficiency with the addition of lithium evaporation during N H-mode plasmas
is consistent with a large decrease in EBW collisional dagmirior to mode
conversion in the scrape off layer.

6. Fast Particle Physics

While single Toroidal Alf\en Eigenmodes (TAE) are not expected to cause
substantial fastion transport in ITER, multiple modestipalarly if they strongly
interact, becoming non-linear as in an “avalanche evertf, [dan affect igni-
tion thresholds, redistribute beam-driven currents amdadge PFCs on ITER.
NSTX is an excellent device for studying these modes becatisis high
Viast/Valfven- The TAE avalanche threshold has been measured on NSTX and
the concomitant fast ion losses are studied with measursmémternal mode
structure, amplitude and frequency evolution and measemésrof the fast-ion
distribution [45]. Fast-ion transport is studied with nidbhannel NPA diagnos-
tics and fast neutron rate monitors. Of particular inteie#tat the NPA shows
that redistribution extends down to energies at least aab®0 keV, less than
half the full energy of injection. Loss of fastions is indied by drops o 10%
in the neutron rate at each avalanche event as is shown ineFigthe plasma
equilibrium is reconstructed during the avalanching pusing the equilib-
rium code, LRDFIT, which uses Motional Stark Effect (MSE}alto constrain
the current profile. The NOVA code was used to find eigenmodigisas for
the four dominant TAE modes seen in the avalanche at 0.2&basim Figure
. The NOVA eigenmode structure, scaled in amplitude anduteaqy evolu-
tion to experimental measurements, are used to model fagtaasport with
ORBIT. Good agreement is found for the fast ion losses abachle events.

7. Solenoid Free Startup

Elimination of the central solenoid would be helpful for tB& concepit.
Solenoid-free plasma startup is also relevant to steaate-stkamak operation,
as this large inductive component that is located in a higrateon environment
is needed only during the initial discharge initiation andrent ramp-up phases.
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Coaxial Helicity Injection (CHI) is a candidate both for ptaa startup in
the ST and for edge current drive during the sustained pl#&ge The method
referred to as transient CHI first demonstrated on the HBxpgeriment [47],
has now been successfully used in NSTX for plasma startup@unaling to in-
duction [48]. CHI is implemented by driving current alongemally produced
field lines that connect the lower divertor plates in the enee of toroidal and
poloidal magnetic fields. NSTX uses the lower divertor dade the injector.
The initial injector poloidal field is produced using the lewdivertor coils.
This field connects the lower inner and outer divertor plat@éss is injected
in a region below the divertor plates and a capacitor banksishdrged across
the lower divertor plates. Currents then flow along the qtzlbfield lines con-
necting the lower divertor plates. As the injected curreqteeds a threshold
value, thel x B force exceeds the restraining force from the injector figled,
causing the injected field to pull into the vessel as showeference [48]. Re-
connection then occurs near the injector, producing a dléiag equilibrium in
the vessel.

NSTX has demonstrated coupling of the CHI produced curi@mebnhven-
tional inductive operation. In Figure 14, we show traceslfierinjector current,
the plasma current, and the applied inductive loop voltageaf CHI-started
discharge that was coupled to induction. In this dischar§ekA of injector
current produces about 75 kA of toroidal current. The currealtiplication,
defined as the ratio of the plasma current to injector curpadks near 70. The
highest amount of closed flux current produced in NSTX CHthizssges is 160
kA, which is a world record for non-inductively generatedsgd flux current
iIs a ST or tokamak. During the decay phase of this currenttolu is applied
from the central solenoid. The plasma current then rampseaphing a peak
value of 700 kA, and the plasma to heats up to over 600eV. &irdischarges
in NSTX have transitioned into H-modes as described in Refs [48].

8. Advanced Scenarios and Control

The achievement of high plasma elongation is critical toshecess of the
spherical torus concept, since the bootstrap fractioneam®s as the square
of the plasma elongation for fixed normalizBd = BtaBt/1p, wherely is the
plasma current; is the vacuum toroidal magnetic field at the plasma geomet-
ric center,a is the plasma minor radius, aifigd is the toroidalB defined as the
Bt = (P)/(B?/2u0) where(P) is the pressure averaged over the plasma volume.
Achieving high bootstrap current is crucial to being ablen&@intain a spherical
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torus plasma, since there is not room in the center of the & fransformer
that can drive current inductively.

The primary motivation for discharge development on NST¥es simula-
tion of operational scenarios on proposed future ST dewael as NHTX [49]
and ST-CTF [3]. It is proposed that these devices operatergt Mgh elon-
gationk ~ 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 ingati
this regime of operation, achieving~ 2.7 atBy ~ 5.5 for O5s ~ 21cR. Figure
15 shows the equilibrium cross-section for such a discharpese discharges
achieved high non-inductive current fractioijg ~ 65% andf,s~ 50%, match-
ing the previous best values on NSTX but for longer pulse. ding of these
high elongation discharges is now determined by the hedtimts of the TF
coil on NSTX.

Another important distinction between NSTX and future S3 ollision-
ality. NSTX, because of its modest size and low field relatovéhese future
devices, typically runs with.@ < vz < 1 over most of the plasma cross-section,
much higher than the values anticipated by devices such as<\dthd/or ST-
CTF. The higher collisionality on NSTX substantially redsdhe beam driven
current fraction. Using a scenario that had a lower coltalily and simultane-
ously achieved a record value B, NSTX has been able to demonstrate that
beam driven current scales according to classical predistand that NSTX
can support simultaneous higher beam driven current artdbogtstrap frac-
tion. The discharge in question used both lithium evaponatind transient
techniques to reduce the collisionality and thereby ineeeihhe beam driven
current fraction tofyg) ~ 20%, roughly double that of the discharge shown in
Figure 15. The shot also achieved a record non-inductiveenufraction of
fnr ~ 71%. Whereas this shot used transient techniques to adtisvieigher
value of fy, it represents an important demonstration of the physupsired to
move towards the goal diy; ~ 100%.

As mentioned in Section 4., non-axisymmetnie- 3 error field control and
n= 1 RFA suppression has been recently used as a standardopairaiol to
improve plasma discharge performance. This new capalwity responsible
for a dramatic increase in the reliability of long pulse @igm, extending both
the plasma duration and the peak pulse avergijedchievable in a plasma
discharge. Shown in Figure 16 are the averfgdaveraged over the plasma
current flat-top) plotted versus the length of the flat-tgparsiing the entire
NSTX database for 2008. Black points represent dischalgagid not have
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error field+RFA control, red points are plasmas that did HaWA control. The
separation between the data points indicates the imp@&taimontrolling error
fields at high plasmB. Whereasiitis believed that lithium conditioning was also
important in achieving this improved performance, stadtanalysis similar
to that performed in Figure 16 did not show a similar sepanain terms of
these parameters between shots and without lithium condig. This new
non-axisymmetric field control capability has contributedhe longest plasma
pulse ever created on a spherical tokamak device. The pldstizarge lasted
for 1.8s, with a plasma current flat-top of 1.6s, limited bwtieg limits of the
TF coil.

9. Research in Direct Support of ITER
a. The Effect of 3-D Fieldson ELM Stability

Motivated by the need for additional information for ITER the physics of
3-D applied fields for ELM stabilization, experiments to nfgadge stability
and affect ELMs have been conducted in NSTX. The externalaxisymmetric
coil set on NSTX mimics the ITER external coil set in both gp@am and nor-
malized distance from the plasma, so NSTX is an ideal maalnehich to
perform these important experiments to clarify this issud TER. Here the ex-
ternal coil set was used to apply= 2,n= 3, andn = 2+ 3 fields to ELMy dis-
charges. Whereas the signature of the ELMs on several dstigaavas indeed
modified, mitigation of ELMs (i.e. reduction in ELM size) waset observed.

On the other hand, the applicationrof 3 fields was observed to de-stabilize
Type | ELMs in ELM-free phases of discharges. This de-sizdtion was ob-
served to require a threshold perturbation strength, virtimger perturbations
resulting in a higher ELM frequency. Substantial changethéotoroidal ro-
tation profile were observed, qualitatively consistentwieoclassical toroidal
viscosity (NTV) non-resonant magnetic breaking [13].

Short pulses of = 3 fields were added to ELM-free H-mode discharges, pro-
duced by lithium wall coating, to controllably trigger ELNsd thereby reduce
both the plasma density and the secular increase in theteddmwer which
usually occurs when ELMs are suppressed. Figure 17 comparasference
ELM-free discharge (black) with one to which short n=3 pdraiions were
added (panel c). Note that the discharge with n=3 field maistaigh plasma
stored energy for the entire discharge (panel a), has rddirmeaverage den-
sity (panel b), shows signatures of the ELMs on diveidgremission (panel
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d), and reduces the plasma radiated power (panel e). Thygeted ELMs ex-
hausted a substantial fraction of core stored eneddy/IMot < 25%), but the
average ELM size did decrease with elongation, suggestiugsible route for
optimization. In addition, the = 3 fields were 50-80% successful in trigger-
ing ELMs, depending on the discharge characteristics. afggest ELMs were
typically observed after one of the pulses in the train thtetrigger an ELM.
This suggests that further reduction in average ELM sizelavba obtained by
improving the triggering efficiency. Finally the maximunggering frequency
is limited by the field penetration times; internal coils slibgreatly increase
the maximum triggering frequency, leading to the prospésihtaller average
ELM size.

b. Vertical Stability Studiesfor ITER

Experiments in NSTX have shown that a typical, highly rolmible null
plasma target has a measured the maximum controllableakedisplacement
AZnax ~ 0.15-0.24m , corresponding &z ~ 0.23 - 0.37% . Data from a
scan of drift distances are show that upward and downwametigdid drifts have
approximately the same maximum controllable displacem&he maximum
displacement calculated for this equilibrium and contahfoyuration using a
TokSys [50] model developed in a collaboration between-DIAnd NSTX is
found to be~ 0.40 m, orAZ; ~ 60%. The magnitude of this discrepancy is far
greater than any observed sources of noise, and so is yriikieé explained by
such effects. A likely contributor to the discrepancy isaoaracy in modeling
the complex non-axisymmetric passive structures of NSTixdésstanding the
effect of complex non-axisymmetric conducting structuresld be an impor-
tant effect for determining vertical stability on ITER.

10. Summary

Substantial progress has been made towards achievingitharpmission
of NSTX, which is to understand and utilize the advantageb®fST configu-
ration by establishing attractive ST steady-state opsgacenarios and config-
urations at higl3. NSTX has also clarified numerous outstanding issues (such
as the cause of electron transport, and the effect of plastaian on confine-
ment and macroscopic stability) which are generic to tabfdsion science,
and has contributed to ITER both directly and through ineeelaphysics un-
derstanding. These advances have reinforced the case &¥ as a first-wall
research device and as a potential fusion neutron proddaangy, as well as
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for a potential reactor.

Turbulent density fluctuations have been observed in NSBXmbs in the
range of wave numbels, pe = 0.1-0.4. The large values &f p;, propagation
in the electron drift direction, and a strong correlatiothaR/Lt, exclude the
ITG mode as the source of turbulence. Experimental obgensand an agree-
ment with numerical results from the linear gyro-kineticZa&®de support the
conjecture that the observed turbulence is driven by thetrele temperature
gradient. Flow shear has been shown to affect the ion conénem the edge
of NSTX plasmas in a manner consistent wih« B reduction of ITG mode
induced transport. Momentum transport has been measucedhamvn to be
above that predicted by neoclassical theory, but congistgh the existence
of residual ion-scale turbulence. Lithium evaporation b@sn used to coat the
NSTX wall and has been an effective tool in increasing etecénergy confine-
ment, and suppressing ELMs, a key issue for ITER. The suctdks coating
technique has led NSTX to pursue a Liquid Lithium Divertot]as part of its
near term research plan. The scaling of scrape-off layee$linas been mea-
sured on NSTX, an extremely important issue for future STiabsy such as
the proposed NHTX [49]. Gas puffing experiments have subaiysseduced
the heat flux to the NSTX divertor plates, which can reachesbf 1MW /n?
similar to ITER.n = 3 error field correction has been combined with n=1 RFA
suppression, improving plasma performance measurablySININFlow shear
has been shown to be an important affect in the appearanagrewth of neo-
classical tearing modes, clearly distinguished from tliecédf rotation alone.
The physics which determines the coupling of HHFW powerdlgiothe scrape
of layer has been understood to be dominated by surface waxgcs. This
knowledge has been used to improve the efficacy and retyabiiHHFW heat-
ing, and should be very helpful to successful RF heating riexygaits on ITER.
The physics of EBW coupling has been understood and has beamdo be
dominated by collisional damping at the mode conversioaraly is important
to note that lithium evaporation has been a crucial tool fakimg progress on
the understanding of both of these important wave physiea@mena. Multi-
mode fast particle MHD has been observed on NSTX, which ¢eerna the
Super Alf\enic regime. These modes have been modeled and the resodimnt
of fast particles understood quantitatively. The abiliypredict the physics
of multi-mode Alfven waves is crucial to ITER and all future burning plasmas
experiments. NSTX has demonstrated the ability couplatioad! inductive
current ramp to CHI current initiation and shown that plaggegformance is
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similar to that without CHI. Even more important to the ST cept is the ability
to maintain the plasma current in steady-state. NSTX hasdstrated 1) the
ability operate withf3; and fp,s meeting the requirements of ST-CTF and NHTX
using equilibria that match the requirements( 2.8,A ~ 1.6-1.8). NSTX has
also demonstrated a new record non-inductive current@metith the increase
coming from improved, neutral beam current drive efficienthis improved
efficiency is a result of operating at lowet, motivating further research in this
regime. Finally, NSTX has made important contributionshte ITER design
review process in the areas of ELM stabilization using neisyanmetric fields
and in understanding vertical stability.

The substantial scientific productivity of NSTX is a testaint the im-
portance of investigating physics in new regimes. By ojregaat low aspect
ratio, new physics regimes are investigated and theoresteared and extended,
which helps to clarify physics that is important not just t8TNK and low aspect
ratio devices but to general toroidal fusion science.

*This work was supported by the U.S. Department of EnergynGuader contract number

DE-AC02-76CHO03073.
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Figure Captions

Figure 1 a) The electron temperature profiles for two shots with gfipmaryingLt,, and
b) the spectral power density of fluctuations with= 11cm.

bf Figure 2 a) The time evolution of measured gradiepitr, (squares) and GS2 critical
gradientR/Lr.it for the onset of the ETG mode (triangles). The dashed lineeigtitical gra-
dient from Reference [11], and b) the time history of the sf@épower density of fluctuations
with k; pe = 0.2— 0.4 at R=1.2 m. Negative frequencies correspond to wave petjgagn the
electron diamagnetic direction.

Figure3a) The measured ion thermal diffusivity b) the measuredoigighear varying the
applied n=3 braking torque.

Figure 4 The measured ion thermal and momentum diffusivity compéretat predicted
by GTC-Neo [15].

Figure 5 The increase in electron thermal stored energy plotted otal plasma stored
energy for data from standard reference discharges in 2008.

Figure 6 The suppression of ELMs after a sequence of shots with stapdlycation of
lithium, with the amount of applied lithium increasing frahe top frame to the bottom frame.

Figure 7 The measured values af, andAq as determined from reciprocating probe data
and IR camera data

Figure 8 A reference 6 MW, 1.0 MA discharge (black) and a partiallyadéied divertor
discharge (red) (a) plasma current, NBI power, and lingayed density, (b) plasma stored
energy, c) radiated power. d) divertor heat flux profiles at#ped times for the two discharges.

Figure 9 The measured plasma rotation at various radii plotted wge tiuring a discharge

that utilized combinedh = 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 termtiie neoclassical
tearing mode with a) plasma rotation frequemcy 2, and b) local rotational shear@t 2.

Figure 11 HHFW heating of electrons for a) helium L-mode, b) deuteritimode and c)
neutral beam driven H-mode deuterium discharges in NSTaOQ[&antenna phasinig, = 14-18
m-1,B; =0.55 T, and, = 0.65 MA for a) and b), ant,, = 1 MA for c)]

Figure 12 (a) Plasma current and central electron temperature évoltdr two H-mode
plasmas, one without lithium conditioning (black solidd)rand one with lithium conditioning
(red dashed line). (b) Time evolution of EBW radiation temgpere for fundamental emission
from the plasma core at 18 GHz for the two plasmas in Fig. 1(a).EBW transmission
efficiency from the core to the EBW radiometer antenna.

Figure a) Detail spectrogram of single avalanche cycle. Colorscatd toroidal mode
numbers (black 1, red 2, green 3, blue 4, magenta 6), b) metdte showing drop at avalanche.

Figure 14 Shown is a discharge (128401) in which a CHI started diseéhargoupled to
induction. Note that approximately 2kA of CHI injector cemnt produces about 100kA of CHI
produced plasma current. Application of an inductive looftage causes the current to ramp-
up to 700kA. Application of NBI power increases the currearhp-rate.

Figure 15 Reconstruction of a typical high~ 2.8, highBp ~ 1.8 equilibrium.

Figure 16 Comparison of3y averaged over the plasma current flat-top plotted versus the
plasma current flat-top for shots with (red) and without ¢k)an = 3 error field correction +
n=1 RFA suppression.

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

were added. a) plasma stored energy for the entire disghldydi@e-average density, ¢) n=3
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current, d) divertor [ emission, and e) radiated power.
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c) Deuterium H-mode
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