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Abstract. The mission of NSTX is the demonstration of the physics basjsired to extrapolate to the next steps
for the spherical torus (ST), such as a plasma facing comyadest facility (NHTX) or an ST based component
test facility (ST-CTF), and to support ITER. Key issues fog 8T are transport, and steady state ligiperation.

To better understand electron transport, a new high-kestragtdiagnostic was used extensively to investigate elec-
tron gyro-scale fluctuations with varying electron tempamagradient scale-length. Results from= 3 braking
studies confirm the flow shear dependence of ion transpost fdsults from electron Bernstein wave emission
measurements from plasmas with lithium wall coating apbielicate transmission efficiencies near 70% in H-
mode as a result of reduced collisionality. Improved coupbf High Harmonic Fast-Waves has been achieved
by reducing the edge density relative to the critical dgnfgit surface wave coupling. In order to achieve high
bootstrap fraction, future ST designs envision runningeay high elongation. Plasmas have been maintained on
NSTX at very low internal inductandge~ 0.4 with strong shaping(~ 2.7,5 ~ 0.8) with 3y approaching the with-
wall beta limit for several energy confinement times. By apieg at lower collisionality in this regime, NSTX
has achieved record non-inductive current drive fracfign~ 71%. Instabilities driven by super-Alfvénic ions
are an important issue for all burning plasmas, includingRT Fast ions from NBI on NSTX are super-Alfvénic.
Linear TAE thresholds and appreciable fast-ion loss dumindfi-mode bursts are measured and these results are
compared to theory. RWM/RFA feedback combined with n=3refiedd control was used on NSTX to maintain
plasma rotation witty above the no-wall limit. The impact of > 1 error fields on stability is a important result
for ITER. Other highlights are: results of lithium coatingperiments, momentum confinement studies, scrape-off
layer width scaling, demonstration of divertor heat loadigation in strongly shaped plasmas, and coupling of
CHI plasmas to OH ramp-up. These results advance the STdewaxt step fusion energy devices such as NHTX
and ST-CTF.

1. Introduction

The spherical torus (ST) concept [1] has been proposed ateat@ fusion reactor [2] as
well as a Component Test Facility (ST-CTF) [3]. The NatioS8gherical Torus eXperiment
(NSTX) [4], which has been in operation since 1999, has apriteary mission element to
understand and utilize the advantages of the ST configaratiestablishing attractive ST op-
erating scenarios and configurations - in particular, tgsteady state scenarios with good
confinement. As an additional mission element, NSTX explitét unique capabilities to com-
plement the established tokamak database and therebyrstiplpBR by expanding the breadth
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of the range of operating parameters such as lower A, vetyhigighVvsast/Vaifven, as well as
other important plasma parameters. This broader rangepefiexce helps clarify uncertainties
in extrapolating to ITER by removing degeneracies in phg/sialing. The third main element
of the NSTX mission is to understand the physics properti¢seoST, brought about by oper-
ating in this unique regime. Understanding the physics ®f3M provides the basic framework
for success with the first two mission elements describetgieabo

With the mission elements described above as a guide formdigti@g research priorities,
the NSTX program is organized according to basic scienciesophich will be covered in
the following sections: 2) Transport and Turbulence Phg/s®) Boundary Physics, 4) MHD
Physics, 5) Waves Physics, 6) Fast Particle Physics, 7h8ioléree Startup, and 8) Advanced
Scenarios and Control. This paper will describe progresach of these areas over the 2007
and 2008 period, following these topical divisions. Alsbistperiod saw the execution of
experiments done in response to explicit ITER requestsdta @hich are direct inputs to the
design review process. These topics are covered in the feéiba, 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 tdroisdinement devices is still an
outstanding issue. There are numerous examples of pdterpkanations of this important
phenomenon in the literature (see, e.g. [5, 6, 7])
invoking differing turbulent processes. However, 3 5
due to the fundamental difficulty of measuring
turbulence on the electron length scale, the ex% 2
perimental data to test these theories has beeit
absent. Because of its relatively low magnetic= 1 i
field and high plasma temperature, both of which 1
tend to increase the scale-length of the electron %_2 04 06 08 10 12 14 16
gyro-scale turbulence, the ST is in many ways R [m]
an ideal configuration on which to carry out re- 10
search on the important topic of electron turbu- 1o
lent energy transport. = 107

To facilitate this research, a microwave scats.
tering diagnostic has been developed and de-10"
ployed on NSTX which is capable of a spatial 10
resolution of 2.5&cmtogether with a wave num- 1o
ber resolution of lcnm™! and which, by using
steerable optics, is capable of sampling the en-
tire plasma minor radius and measures predofBre 1: a) The electron temperature profiles for two
nantlyk; in the range from 2 to 241 [8]. Ded-  shots with strongly varying.t,, and b) the spectral
icated scans which measured the fluctuation apower density of fluctuations witk, = 11cm.

plitude as a function of botke and minor radius
were performed in a variety of plasma conditions.

An illustrative example, which was originally publishedreference [9], is shown in the
top frame of Figure 1. Shown are two discharges for which teeten heating power from
the NSTX High Harmonic Fast Wave (HHFW) system was varieanfi@.OMW (black) to
1.6MW (red). The high-k scattering system was focused on the tidlepoint of the electron

T
1
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temperature profile as indicated by the blue band

10 .
s s-E<RR//LLTTZ>cm in the figure. For this particular discharge,
§ ek the variation of the normalized inverse elec-
84 tron temperature gradient scale-len@RfiLt, =
E L y (R/Te)dTe/dr was from 15cm (red) to 50cm
= 0 (black). The measured spectral densityKor=

-4

11cm 1, shown in the second panel of Figure 1,
shows a much higher fluctuation amplitude for
large values oR/Lt,. Negative frequencies in
the figure correspond to fluctuations propagating
in the electron direction.
s S To gain insight into the origin of the observed
‘g . '6[26' P '25' < '30 o ';O;o fluctuation spectrum, a linear version of the GS2
) ' " Time (s) ' stability code [10] is used to obtain the nor-
malized critical gradientR/Lt,)crit for the on-
Figure 2: a) The time evolution of measured gradieget of the ETG instability. This code solves the
F:]/ L1 (Sqt“a][etf]) agggsz ‘gi“?f‘!gra?ié;fﬂ-;eﬁrit Lor  gyro-kinetic Vlasov-Maxwell equations, includ-
the onset o e mode (triangies). e das . :
line is the critical gradient from Re%erence [11], an 9 bOth passing and trapped pamc'.e?’ electro-
b) the time history of the spectral power density dpagnetic effects, and a Lorentz collision oper-
fluctuations withk| pe = 0.2— 0.4 at R=1.2 m. Neg- ator. The results are shown in Figure 2, where
ative frequencies correspond to wave propagationtine critical gradient is compared with the mea-
the electron diamagnetic direction. sured normalized temperature gradiByLr, for
the case of Figure 1. Also shown in the figure is
the critical gradient scale length according to the refatiescribed in Reference [11]. From
this, we conclude that the ETG mode is indeed unstable ovet afdhe RF pulse where the
electron temperature gradient is greater than the criicdient.

Spectral Density (a.u.)

Frequency (MHz)
I
- o

b. lon Energy Transport

Because of its low magnetic field and strong uni-directiomaltral beam heating, NSTX op-
erates with very high levels ofE x B flow-shear with yexg ~ 1MHz,
which is up to five times larger
than the typical value of the max- 102+ ———3
imum growth rate of ITG modes : 0.72s ]
[12] as calculated by the GS2 ]
code. This means that for these;
cases we expect turbulence on tg 10"~
ion scale length to be suppresse ]
and that transport physics will be
determined by other phenomena.

To test the hypothesis that ion 10°
turbulent transport is suppressed
an experiment was performed us- (D/D,)12 (D/D,)12

ing then = 3 non-resonant brak-
ing capability [13] available onFigure 3: a) The measured ion thermal diffusivity b) the rueed ve-

NSTX. A predominantiyr= 3 er- locity shear varying the applied n=3 braking torque.

ror field is applied to the plasma

using the NSTX non-axisymmetric coils, which has the eftdaieducing the edge plasma ro-
tation and creating a region of low velocity shear. The icertmal diffusivity is deduced from
magnetic plasma reconstructions and the entire NSTX prdélaset Tg, ne from Thomson

0.72s

VQ (1 03 rad/s/drﬁ) |
)
|

— T T T
0 02 04 06 08 1.0 0 02 04 06 08 10
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scattering at 30 radial points and 16ms temporal resolufiony from charge exchange recom-
bination spectroscopy at 51 radial points with 10ms tempesolution, andBg/B, motional
Stark-effect polarimetry with 16 radial points and 10mspenal resolution) is used as input to
the TRANSP code [14].

Shown in Figure 3 are the results from the above analysis fegrees of discharges for
which the n=3 braking was varied. Also shown in the figure & teasured velocity shear
profile for each of the discharges. It can be seen that in ther oegion of the profile the ion
diffusivity increases as the velocity shear decrease$, gabd spatial correlation between the
measured change in velocity and the reduced confinemenm Ehis we conclude that the
turbulence-driven ion-energy loss goes from sub-domifant Xi,.,) to dominant (4x neoclas-
sical diffusivity) as the velocity shear is reduced.

c. Momentum Transport

Because of the importance Bfx B shear in
stabilizing instabilities over th&, p; ~ 1 range 15

itic i | lon Thermal Diffusivity
of wavelengths, it is important to understand the TRANSP GTONen

mechanisms that determine the transport of mo-

mentum in toroidal devices. In the regime of; 10&

reduced ion-scale turbulence, it is still possibfe

to infer the effect of the residual turbulence o I

transport by studying the transport of momer.%’ 5t

tum. This is because, whereas the neoclas'gj- I \

cal ion thermal diffusivity is large compared to= [ N\ 9]

the calculated turbulent ion thermal diffusivity™ 0| - e oot~ o 2 N\

the neoclassical momentum transport is negligi- [ el )/\ /\’\ |

ble in comparison to the residual turbulent trans- | |S7Ce0  TEANSH v
i . L omentum Diffusivity ]

port of momentum. Shown in Figure 4 arethe 5l

measured and calculated neoclassical momen- 0.1 03 0.5 0.7 0.9

tum and thermal diffusivities as determined and (D/D_ )12

the GTC-Neo code [15]. This result indicates @

that the primary driver for the momentum transsigure 4: The measured ion thermal and momentum

port on NSTX is something other than neoclassiiffusivity compared to that predicted by GTC-Neo

cal transport. Momentum pinch velocities haJéS]-

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 employau NSTX [18] was upgraded
to allow a higher operating temperature and thereby all@kdr evaporation rates. The reser-
voir and the exit duct were also enlarged and re-aimed toyopdi the deposition geometry.
Lithium deposition rates up to about 60 mg/min were used hAadamount of lithium applied
prior to a discharge ranged from a few mg to over 2 g, with d tdt@3 g of lithium being evap-
orated during the year. The improved lithium depositioe edtowed for the routine application
of lithium between discharges, permitting for the first tithe accumulation of a statistical
database showing the effect of lithium coatings on confimgmEhe average relative increase
in the electron stored energy due to lithium was observe@ to P0%.
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A0 [ T In 2008, the lithium evaporator system was

" [& With Lithium 1 further expanded [19] to include a second LITER

| (@ Without Lithium | to facilitate more complete coverage of the di-

1001 | vertor since the pumping effect of lithium is pro-
= +44%  portional to the surface coverage. The improved
= 1 lithium coverage led to a further increase in the
= 501 | observed confinement improvement. For refer-

A oy 1 ence discharges, the average relative increase in

- = 0.9MA Average | | electron stored energy with the dual LITER was

o resaosoamw ] R ] 4406, nearly double that achieved with a single

0 100 200 800 LITER. As was the case in 2007, the bulk of

W, <EFIT> (kJ) _ i )
e the increase in total plasma stored energy was in

the electron channel. The electron stored energy
Figure 5: The increase in electron thermal stored e
ergy plotted vs. total plasma stored energy for dapAotted versus the total stored energy is shown in
from standard reference discharges in 2008. Figure 5. The addition of the second evaporator
also enabled the development of an operational
scenario that did not rely on helium discharge cleaning. Atwglow scenario decreased the
time between plasma discharges and reduced helium corgtiamnin subsequent discharges.
Another important effect of the application of

lithium coatings was the reliable suppression gf?| ‘ ]
ELMs. This effect is illustrated in Figure 6. The OWMMULMJLMM
figure shows a plasma discharge which preceded| ‘ ]
the application of lithium, as well as a series ;L/_LLLU\__MMMMMAL}E
of discharges that came after the deposition ofz| ‘

lithium. The steady increase of the duration gf ' WMM

the ELM free periods is apparent.

b. Scrape-off Layer Width Scaling

Owing to geometric factors and generall§ ,.____L JJJL | uLLLUJU[

high power density as characterized by FP}/ER 82 ]
parameter, outer divertor peak heat flux in eg- %LLMMJUU\M ]
cess of 1MW/n? has been measured in NSTX 02 123 0.4
[20]. While this high heat flux has been han- me feecl

dled both through active puffing for detachmemigure 6: The suppression of ELMs after a sequence
[21] and shaping to increase the divertor footf shots with steady application of lithium, with the
print [22, 23], future machine design requirexnount of applied lithium increasing from the top
an estimate of the unmitigated heat flux to a&ame to the bottom frame.

sess the operating space limitations. To reliably

project forward to next step devices, an understandingeptbcesses 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 of A1, /Aq to be consistent with parallel electron conduction beigdbminant scrape-off
layer (SOL) heat transport mechanism on the open field lim¢saé near SOL [24]. From the
parallel power balance equation, /Aq = 7/2 is expected if electron conduction dominates the
heat transport. In the near SOy, /Aq ~ 2.6 has been measured in type V ELMy H-mode dis-
charges (and up to 3 in ELM-free H-mode), witl, obtained from a fast reciprocating probe
andAq from IR camera data mapped to the magnetic midplane, with paffiles fit to simple
exponential functions (panels a and b in Figure 7). It is dote¢hat

Div. D

- MO = MO
—
[
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use of offset exponential fitting functions both changes Near SOL  Far SOL
the measuredr, ~ 1.8, as well as the theoreticaf, ~ 30 T T
2.2, owing to proper substitution of the radial profile form
back into the parallel power balance equation [24]. In thes 20
far SOL, very broad SOL widths are measured, characte¥-
istic of neither conduction limited nor sheath limited heat” 10
transport. In addition, the SOL widths are seen to narrow
significantly with plasma current [25, 26]. . B

—~

c. Divertor Heat Flux Reduction ¢ 0.8

£

Experiments conducted in high-performance H-mo@ 0-6
discharges demonstrated that significant reduction of tbgeov4
divertor peak heat fluxqpk, and access to detachment i%é 0.2
facilitated naturally in a highly-shaped ST. Because of the g g T
high poloidal magnetic flux expansion factor betweenthe _», o 2> 4 6 8
midplane SOL and the divertor plate strike point (18-26) R—Rsep midplane (cm)
and higher SOL area expansion, the divertor particle and
heat fluxes are much lower in the highly-shaped plasniéggire 7: The measured valuesiof and
than in similar plasmas with lower-end shaping parame-2s determined from reciprocating probe
ters [23]. In addition, the higher radiative plasma volunf{g!a and IR camera data
and the plasma plugging effect counterbalancing the open
configuration of the NSTX divertor facilitate access to théiative divertor regime with reduced
heat flux.

Steady-state measurements of

ol dicharge PDD dicharge , divertor peak heat flux in NSTX
:T | K ] showed thatyy increases mono-
= ] tonically with NBI heating power
= ~xC 4

Stored Energy (k)

i 1 and plasma current [25] due to
= ] the corresponding increase in the
T ] power fraction flowing into the
e ] scrape-off layer and the decrease
s ] in the connection length (pro-
osF : portional to q). Access to the

partially detached divertor (PDD)
regime was demonstrated in 1.0 -
1.2 MA 6 MW NBI-heated dis-
charges using additional divertor
deuterium injection. These dis-
) : charges represent the most chal-
0.0 A con &2 0.3 0.4 lenging case for divertor heat flux
mitigation in NSTX asqpk Iin
Figure 8: A reference 6 MW, 1.0 MA discharge (black) and aipyt the range 6-12MW/n?¥ is rou-
detached divertor discharge (red) (a) plasma current, NBlgp, and tinely measured. A partial de-
line-averaged density, (b) plasma stored energy, c) redlippwer. d) tachment of the outer strike point
divertor heat flux profiles at specified times for the two d&ges. was induced at several gas puffing
rates in 6 MW, 1.0 MA discharges
while good core confinement and pedestal characteristios maintained as shown in Figure
8. Steady-state heat flux reduction in 6 MW, 1.2 MA discharges: 4-10 MW /n¥ to 1.5-
3 MW/n?¥ required higher gas puffing rates. While core plasma confm¢mroperties were

Rad. povier (MW)

0O <+ N O A 00
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not degraded3-limit related disruptive MHD activity led to the pulse lethgreduction by 10-
15%. The partial outer strike point detachment was evideébgea 30-60% increase in divertor
plasma radiation, a peak heat flux reduction up to 60%, medsara 10 cm radial zone ad-
jacent to the strike point, a 30 - 80% increase in divertoitragompression, and a reduction
in ion flux to the plate. Divertor plasma density increase8-# x 16G°m 2 and a significant
volume recombination rate increase in the PDD zone was madsait higher gas puffing rates,
an X-point MARFE was formed suggesting that further rad&tivertor regime optimization
in NSTX would require active divertor pumping [27].

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

At high B, error field correction can aid sustainment of high toroiddation needed for
passive (rotational) stabilization of tine= 1 resistive wall mode (RWM) and/or suppression of
then = 1 resonant field amplification (RFA). In 2006, algorithms &developed to correct for
atoroidal field (TF) error-field that results from motion b&tTF coil induced by an electromag-
netic interaction between the ohmic heating (OH) and TF scoil28].

In 2007 significant emphasis was placed on uti-
lizing improved mode detection to better iden- 2} V,dtR =105,
tify and control the RFA/RWM and more com- | panme
plete understanding of the intrinsic error field. sof
The improved RFA/RWM control used the full
complement of in-vessel poloidal field sensoés
for mode identification, and optimized the rela=
tive phase of the upper and lower sensors to best |
discriminate between= 1 andn > 1 fields. Im- >}
proved detection increases the signal to noise, |
improves mode detection during any mode de- ° ‘ ‘ ‘
formation, and allows for increased proportional "* o i ' =0
gain during feedback-controlled RFA/RWM. In
fact, in 2007, using optimizeB, sensors in the Figure 9: The measured plasma rotation at various
control system allowed feedback to provide dﬂdu plotted vs. time d.urlng a d|s<_:harge that utilized
of then =1 error field correction at high betacomb'neqn = 3 error field correction and n=1 RFA
) ) g . 8suppression. The plasma rotation is maintained for
whereas previous = 1 EF correction requiredie quration of the discharge.
an a priori estimate of intrinsic EF. To train the
RFA/RWM control system, an = 1 EF was purposely applied to reduce the plasma rotation
and destabilize the= 1 RWM. Then, phase scans were performed find the correctdbeck
phase that reduced the purposely applied EF currents. Tihenga then increased until the
applied EF currents were nearly completely nulled and pastability restored.

Beyondn = 1 error fieldsn = 3 error fields were found to be important in NSTX, particuarl
at highn. In experiments that varied the polarity and amplitude chjppliedn = 3 error field,
plasma pulse-lengths varied by as much as a factor of 2 deymeond n = 3 polarity. It is
noteworthy thah > 1 error fields are not commonly addressed in present deocés future
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 NSTX does not benefit fiosm 2 error correction.

At the end of 2007n = 1RFA suppression was combined with the= 3 error field cor-
rection. The scenario was so successful that it was widdiged in 2008 to improve plasma
operations. The application of bath= 3 correction anch = 1 RFA/RWM control has enabled

R=

V,atR = 138.

100 —
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the maintenance of plasma rotation at h[gjtikroughout the plasma discharge. As can be seen
in Figure 9, the plasma rotation profile is maintained thioug the period that CHERS data is
available.fy ~ 5MA/(m-T) is maintained for 3-% R, and the plasma current flat-top is 1.6s,
a ST record. Previously long pulse discharges at figiere limited by a slow degradation of
rotation in the plasma core with the eventual onset of edhgaturated internal kink mode [29]
or an RWM [30].

b. Resistive Wall Modes and Neoclassical Toroidal Viscosity

NSTX has demonstrated the stabilization of the resistivé made [31] by using non-
resonanin = 3 magnetic braking [13] to slow plasma rotation below théical rotation for
stabilizing the RWM, and then stabilizing the plasma using 1 feedback. Recent exper-
iments have probed the relationship between rotation and/IRdébility. The results show
greater complexity of the critical rotationyyi;, for RWM stabilization than can be explained
by simple RWM models. Recent analysis looking at more cotepleeory of RWM stability
[32] has had initial success in explaining observationse feory includes effects of kinetic
interactions between the mode and the precession of trapped Initial investigations as to
whether this more complete theory can explain the physiagh®fobserved RWM stability
thresholds on NSTX have shown correct scalings of the modetamith collisionality and ro-
tation and has predicted the onset of instability underiagrplasma conditions, as discussed
in Reference [33].

In addition, experiments investigating the physics of iessical toroidal viscosity [34] have
been extended to study the effects of predominantly 2 applied fields. As expected the
n = 2 fields slow the plasma over a wider radial extent due to tbevesl fall-off the radial
eigenfunction of the applied perturbation. Another adagatof then = 2 braking study is
that the toroidal spectrum of the applied field for this comfagion has very lown = 1 field
component. The low = 1 component eliminates any issue of resonant damping bleencpiuse
of the observed rotation reduction. Another series of a@rpemts examined the collisionality
dependence of the braking torque and found thal; ass raised by the application of lithium
coating, the braking torque increased. The increase iméwps observed to scale Bgry ~

Tis/z’ consistent with the predictions of theory [13, 34, 33].
c. Theeffect of rotation on NTMs

Plasma rotation and/or rotation shear are believed to pigoitant roles in determining
the stability of Neoclassical Tearing Modes (NTMs) [35]. sBks from DIII-D using mixed
co/counter balance show that for the 3/2 mode, the saturmatad3/2 neoclassical islands are
larger when the rotation shear is reduced. Furthermoregribetfy for the 2/1 mode is lower
at reduced rotation and rotation shear.

Experiments in NSTX [36] have studied the onset conditiangtie 2/1 mode, as a function
of rotation and rotation shear, where n=3 magnetic brakasgldeen utilized to slow rotation.
By studying many discharges with a range of braking levedsiajection torques, a wide variety
of points in rotation/rotation shear space have been aetiedditionally, all NTM relevant
guantities, such as the rotation shear and bootstrap dsivihé mode, have been calculated
using correct low-aspect ratio formulations.

The results of this exercise are shown in Figure 10, wherbdloéstrap drive at NTM onset
is plotted against a) plasma rotation frequency at g=2, amalcll rotation shear at q=2; larger
values of drive at mode onset imply increased stability. Tb®r scheme is related to the
triggering mechanism: the modes are observed to be triggeyeenergetic particle modes
(EPMs, orange points), Edge Localized Modes (ELMs, bluagsdi or in some cases grow
without a trigger (purple points). Considering frame akgréhis no clear trend in the onset
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Figure 10: The variation of the magnitude of the bootstrapedierm for the neoclassical tearing mode with a)
plasma rotation frequenay= 2, and b) local rotational shear@t= 2.

threshold with rotation, either within each trigger typeaansidering all of the points as a
group. This is in contrast to the data in b), where the onsa¥iNifive is plotted against the
rotation shear at g=2. The entire set of points shows inorgakrive required at larger local
flow shear. Furthermore, the colored lines show that withirhdrigger type, the onset threshold
depends on the local rotation shear, with EPMs triggeriegtiodes at the lowest drive, ELMS
at intermediate levels, and the trigger-less NTM occurahthe largest bootstrap drive. These
and other NSTX results, coupled to DIlI-D measurements/yrtigat sheared rotation, and its
synergistic coupling to magnetic shear, can strongly afesring mode stability.

5. Wave Physics
a. High Harmonic Fast Wave heating

The NSTX High Harmonic Fast Wave system (HHFW) is capableadivdring 6MW of
30MHz heating power through a 12 strap antenna which camesxeives with 3.61 1 < k| <

14m~1. Substantial progress was made on understanding coulitige\W to achieve efficient
electron heating. The improved coupling efficiency is asged with controlling the edge
plasma density to below the critical density for couplingstoface waves (wheng,;, ~ B x
kﬁ/w) [38]. Coupling control has been accomplished by both: duceng the edge plasma
density, and b) increasing the critical density for surfae®e coupling by operating at higher
toroidal field. Scaling of the heating efficiency shows gogteament witmantenna< Nerit @s
the relevant criterion. This is an important issue for ITBRBcause the ITER ICRH antenna is
designed to run with relatively low, indicating a lowngit ~ 1.4 x 10¥m™3,

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

Central electron temperatures of 5 keV have been achieviedtimnHe and D plasmas with
the application of 3.1 MW HHFW &t = —14m1, and at a toroidal magnetic field & =
0.55 T, as shown in Figure 11a and 11b. These high heatingeefficresults were obtained by
keeping the edge density of the plasma below the criticasithefor perpendicular wave prop-
agation for the chosen antenna toroidal wavenumber, prasiynthereby reducing the wave
fields at the edge of the plasma and the edge RF power lossesTB8 edge losses at the
lower antenna phasings (longer toroidal wavelengths)eréardest to control but a phase scan
in deuterium has shown efficient heating down to antennaepbtls| = —7m~1[37, 39] and
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Figure 11: HHFW heating of electrons for a) helium L-modegdbyterium L-mode and c) neutral beam driven
H-mode deuterium discharges in NSTX. [2&htenna phasinig, = 14-18 m-1B; = 0.55 T, and, = 0.65 MA for
a) and b), andl, = 1 MA for c)]

significant heating has been obtained in deuteriuky at —3.5m 1 for the first time [39].

Advanced RF modeling of the HHFW wave propagation in NSTXwshthat the waves
propagate at a significant angle to the normal to the tordielal in entering the plasma, which
also can enhance the interaction of the fields with the aaf@rail structures. These modeling
results also predict very high single pass damping in the XNhsma [39], so that if the
initial interaction with the antenna/wall can be supprdsbg placing the onset density for
perpendicular propagation away from these structurey, le@r edge loss will occur resulting
in high heating efficiency. This makes the NSTX plasma anlitest-bed for benchmarking
models in advanced RF codes for RF power loss in the vicirfitthe antenna as they are
developed. Experiments have begun on NSTX to optimize HHBW beating of neutral beam
driven H-mode deuterium plasmas. Again with a well condigid wall, significant core electron
heating, as evidenced by an increas8.7 keV inTe(0) and a factor of- 2 in central electron
pressure as indicated in Figure 11c, has been observed fé;, 0J85 T operation for an antenna
phase of 180 (k = 14, 18n11). This result contrasts strongly with the total lack of legt
found earlier aB; = 4.5 T [40], and is useful for the study of electron transporthe NSTX
core plasma.

b. Electron Bernstein Wave Coupling Studies

Significant increases in thermal Electron Bernstein Wa\B\Wft emission were observed
with an EBW radiometer diagnostic [41] during NSTX H-modsatiarges conditioned with
evaporated lithium [42]. With the injection of lithium, thensmission efficiency of fundamen-
tal frequency EBW emission at 18GHz, thermally emitted froear the core of NSTX H-mode
plasmas, increased from 10% to 55-70%. Correspondingdyséitond harmonic EBW trans-
mission from near the plasma core increased from 20% to 50% thwe addition of lithium
plasma conditioning. Figure 12 (a) shows the central edactemperaturd.(0) time evolu-
tion for two I, = 0.8 MA, H-mode plasmas, one without lithium evaporationofs124284,
solid black line) and the other with 19 mg/min of lithium ewagtion, after 286 mg of lithium
had already been evaporated into the NSTX vacuum vesse¢ll(84809, dashed red line). Both
shots had L- to H-mode transitions at 0.14 s (indicated byéngcal dashed line in Figure 12).
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The discharge without lithium conditioning ex- 08 F
hibits a collapse of EBWI, 54 from 300eV im-
mediately before the L- to H-mode transition to =
about 50-100 eV during the H-mode phase. In
contrast, the plasma with lithium conditioning
has a large rise in EBW,4q after the L- to H-
mode transition, initially to 400 eV and then to .
500-600 eV later in the H-mode phase. Figure 0
12 (c) shows the EBW transmission efficiency 0.8
from the plasma core to the EBW radiometer an- - (b)
tenna following mode conversion in the plasma I L N
scrape off layer. The EBW transmission effi- I |
ciency 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 A ]
plasma with lithium conditioning. These EBW 70 - L

emission measurements have been compared to
results from an EBW emission simulation code
[43] that includes the magnetic plasma equilib-
rium andTe andne profiles from laser Thomson =
scattering. The dramatic increase in EBW trans- &
mission efficiency with the addition of lithium
evaporation during NSTX H-mode plasmas is
consistent with a large decrease in EBW colli- 0
sional damping prior to mode conversion in the Time (s)
scrape off layer.
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Figure 12: (a) Plasma current and central electron
6. Fast Particle Physics temperature evolution for two H-mode plasmas, one
without lithium conditioning (black solid line) and

While single Toroidal Alfvén Eigenmodegne with lithium conditioning (red dashed line). (b)
(TAE) are not expected to cause substantial f%JgPe evolution of EBW radiation temperature for

ion transport in ITER. multiole modes. partic. ndamental emission from the plasma core at 18
P ! P » P GHz for the two plasmas in Fig. 1(a). (c) EBW trans-

L_“arly if they strongly interact, becoming nNoNng;ssion efficiency from the core to the EBW radiome-
linear as in an “avalanche event” [44], can afer antenna.

fect ignition thresholds, redistribute beam-driven

currents and damage PFCs on ITER. NSTX is an excellent dewistudying these modes be-
cause of its highvtast/Vaifven. The TAE avalanche threshold has been measured on NSTX and
the concomitant fast ion losses are studied with measursnémternal mode structure, am-
plitude and frequency evolution and measurements of thadadistribution [45]. Fast-ion
transport is studied with multi-channel NPA diagnosticsl &st neutron rate monitors. Of
particular interest is that the NPA shows that redistrioutextends down to energies at least
as low as 30 keV, less than half the full energy of injectioss of fast ions is indicated by
drops of~ 10% in the neutron rate at each avalanche event as is showigureFL3. The
plasma equilibrium is reconstructed during the avalangpieriod using the equilibrium code,
LRDFIT, which uses Motional Stark Effect (MSE) data to coast the current profile. The
NOVA code was used to find eigenmode solutions for the fouridant TAE modes seen in the
avalanche at 0.285s shown in Figure 13. The NOVA eigenmadetste, scaled in amplitude
and frequency evolution to experimental measurementsysed to model fast ion transport
with ORBIT. Good agreement is found for the fast ion losses/atanche events.
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7. Solenoid Free Startup

Elimination of the central solenoid would be
helpful for the ST concept. Solenoid-free plasmarsof 7
startup is also relevant to steady-state tokamak op-
eration, as this large inductive component that s
located in a high radiation environment is needéd®
only during the initial discharge initiation and curg
rent ramp-up phases. §
Coaxial Helicity Injection (CHI) is a candidateg
both for plasma startup in the ST and for edge cli-
rent drive during the sustained phase [46]. The
method referred to as transient CHI first demon- °———= —— —
strated on the HIT-Il experiment [47], has now sfNeutron rate (1012/s) 3
been successfully used in NSTX for plasma startup
and coupling to induction [48]. CHI is imple- 2% “™ o
mented by driving current along externally pro- °27° 0-28°T. 0.285 0290
. . . ime (s)
duced field lines that connect the lower divertor
plates in the presence of toroidal and poloidal maggure 13: a) Detail spectrogram of single
netic fields. NSTX uses the lower divertor platesalanche cycle. Colors indicate toroidal mode
as the injector. The initial injector poloidal fieldumbers (black 1, red 2, green 3, blue 4, magenta
is produced using the lower divertor coils. Thi®: b) neutronrate showing drop at avalanche.
field connects the lower inner and outer divertor
plates. Gas is injected in a region below the divertor plaaed a capacitor bank is
discharged across the lower divertor plates. Currents
128401 then flow along the poloidal field lines connecting the
© CHl Injector Current 1 lower divertor plates. As the injected current exceeds a
1 3 3 threshold value, thé x 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].
Reconnection then occurs near the injector, producing
a closed flux equilibrium in the vessel.
NSTX has demonstrated coupling of the CHI pro-

NSTX 124781

50

Plasma Current

30 Loop Voltage . . . .
v 20 ; duced current to conventional inductive operation. In
é : | Figure 14, we show traces for the injector current, the
s0F N v plasma current, and the_ applied inductive loop volt-
%g k - age for a CHI-started discharge that was coupled to
MW I3 3 B - induction. In this discharge 1.5 kA of injector current
05F Neutral Beam Power | produces about 75 kA of toroidal current. The cur-

005 010 0ls 0o ent multiplication, defined as the ratio of the plasma
seconds current to injector current, peaks near 70. The high-
_ _ _ est amount of closed flux current produced in NSTX
Figure 14: Shown is a discharge (128401) igy) gischarges is 160 kA, which is a world record for
which a CHI started discharge is coupled tg . . .
induction. Note that approximately 2kA of1on-inductively g_enerated closed flux currer_1t isa ST
CHl injector current produces about 100kA of! tokamak. During the decay phase of this current
CHI produced plasma current. Application ofnduction is applied from the central solenoid. The
an inductive loop voltage causes the current glasma current then ramps-up reaching a peak value
ramp-up to 700kA. Application of NBI powerof 700 kA, and the plasma to heats up to over 600eV.
increases the current ramp-rate. Similar discharges in NSTX have transitioned into H-

modes as described in Reference [48].

o
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8. Advanced Scenarios and Control

The achievement of high plasma elongation is critical to the
success of the spherical torus concept, since the boofsaigp Shot= 129986, time= 700ms
tion increases as the square of the plasma elongation far fixe|
normalized3y = BtaB/Ip, wherel is the plasma currenB is ~ *|
the vacuum toroidal magnetic field at the plasma geometrie ce
ter,ais the plasma minor radius, afgis the toroida3 defined
as theP; = (P)/(B?/2u0) where (P) is the pressure averaged |
over the plasma volume. Achieving high bootstrap current is

E-

crucial to being able to maintain a spherical torus plasinages m
there is not room in the center of the ST for a transformer that
can drive current inductively. g ol
The primary motivation for discharge development on
NSTX is the simulation of operational scenarios on proposed -

future ST devices such as NHTX [49] and ST-CTF [3]. Itis
proposed that these devices operate at very high elongation
2.7 and with somewhat higher aspect ratio 1.8) than typi-
cal on NSTX A ~ 1.3). In 2008 discharges were developed in
NSTX that investigate this regime of operation, achiewng
2.7 atPn ~ 5.5 for Q5s ~ 2tcr. Figure 15 shows the equi- *[}
librium cross-section for such a discharge. These diselsarg ... .1 .=, \l‘ ol
achieved high non-inductive current fractiofig ~ 65% and ** > ", " *°
fos ~ 50%, matching the previous best values on NSTX but for
longer pulse. The end of these high elongation dischargesidgre 15: Reconstruction of a typ-
now determined by the heating limits of the TF coil on NSTXc@l highk ~ 2.8, highB, ~ 1.8
Another important distinction between NSTX and flf-qu'“b”um'
ture STs is collisionality. NSTX, because of its modest saed low field relative
to these future devices, typically runs with10S vi < 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

6 ‘ ‘ ' collisionality on NSTX substantially reduces the beam
. driven current fraction. Using a scenario that had
," o .. . . i
Ry o a lower collisionality and simultaneously achieved a
4r Rt ¢ 1 recordvalue oBp, NSTX has been able to demonstrate

that beam driven current scales according to classi-
cal predictions and that NSTX can support simulta-

1 neous higher beam driven current and high bootstrap
i fraction. The discharge in question used both lithium
evaporation and transient techniques to reduce the col-
lisionality and thereby increase the beam driven cur-
rent fraction tofyg) ~ 20%, roughly double that of the
discharge shown in Figure 15. The shot also achieved
a record non-inductive current fraction 6§, ~ 71%.
Figure 16: Comparison dby averaged over Whereas this shot used transient techniques to achieve
the plasma current flat-top plotted versus thgyis higher value offy;, it represents an important
plasma current flat-top for shots with (red) ande ) 5 nsration of the physics required to move towards
without (black)n = 3 error field correction +
n= 1 RFA suppression. the goal Off.N| ~ 1_00%' ) _ ]

As mentioned in Section 4., non-axisymmetric-

3 error field control anch = 1 RFA suppression has been recently used as a standard opera-

0.0 0.5 1.0 1:5 2.0
TFIat-Top (sec.)



15 ov/3-1

tional tool to improve plasma discharge performance. Thig capability was responsible for a
dramatic increase in the reliability of long pulse openatiextending both the plasma duration
and the peak pulse averag@gd achievable in a plasma discharge. Shown in Figure 16 are the
average3y (averaged over the plasma current flat-top) plotted verseitength of the flat-top,
spanning the entire NSTX database for 2008. Black pointeesgmt discharges that did not
have error field+RFA control, red points are plasmas thahdige RFA control. The separation
between the data points indicates the importance of cdinyatrror fields at high plasmg.
Whereas it is believed that lithium conditioning was als@artant in achieving this improved
performance, statistical analysis similar to that perfednm Figure 16 did not show a similar
separation in terms of these parameters between shots #mbwithium conditioning. This
new non-axisymmetric field control capability has conttédalito the longest plasma pulse ever
created on a spherical tokamak device. The plasma dischastgal for 1.8s, with a plasma
current flat-top of 1.6s, limited by heating limits of the Téilc

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

Motivated by the need for additional information for
= 200 1 ITER on the physics of 3-D applied fields for ELM sta-
3 bilization, experiments to modify edge stability and af-
o fect ELMs have been conducted in NSTX. The external

°)
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i non-axisymmetric coil set on NSTX mimics the ITER ex-

g ternal coil set in both spectrum and normalized distance

— \ from the plasma, so NSTX is an ideal machine on which

3 7 to perform these important experiments to clarify this is-
HHHHHHHHHHHHHHHHHHHHﬂﬂﬂﬂ 7 sue for ITER. Here the external coil set was used to apply

e asdddddadaasasgnd

n=2,n= 3, andn = 2+ 3 fields to ELMy discharges.
i 1 Whereas the signature of the ELMs on several diagnostics
Ll 1 was indeed modified, mitigation of ELMs (i.e. reduction
£ 30660 7 Iin ELM size) was not observed.
H130670 i On the other hand, the applicationmf= 3 fields was
] /Jﬁ:ﬂm i observed to de-stabilize Type | ELMs in ELM-free phases
os 1.0 oOf discharges. This de-stabilization was observed to re-
quire a threshold perturbation strength, with stronger per
Figure 17: Comparison of an ELM-freeturbations resulting in a higher ELM frequency. Substan-
discharge (black) with one to whiah= 3 tial changes to the toroidal rotation profile were observed,
fields were added. a) plasma stored energyjalitatively consistent with neoclassical toroidal vise
for the entire discharge, b) line-averaggy, (NTV) non-resonant magnetic breaking [13].
density, ¢) n=3 current, d) divertordd * gt Ises oh — 3 fields were added to ELM-free
emission, and e) radiated power. : o .
H-mode discharges, produced by lithium wall coating, to
controllably trigger ELMs and thereby reduce both the plastiansity and the secular increase
in the radiated power which usually occurs when ELMs are segged. Figure 17 compares
the reference ELM-free discharge (black) with one to whiobrsn=3 perturbations were added
(panel c). Note that the discharge with n=3 field maintairghhplasma stored energy for the
entire discharge (panel a), has reduced line-averagetgdépanel b), shows signatures of the
ELMs on divertorD4 emission (panel d), and reduces the plasma radiated poeseel(p). The
triggered ELMs exhausted a substantial fraction of conestenergy W /Wot < 25%), but the
average ELM size did decrease with elongation, suggestpasaible route for optimization.
In addition, then = 3 fields were 50-80% successful in triggering ELMs, depegdin the

Prog (MW)
00 = = NN |

.0 0.2 0.4 0.6
Time (s)
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discharge characteristics. The largest ELMs were typiaserved after one of the pulses in
the train failed to trigger an ELM. This suggests that furtreduction in average ELM size
would be obtained by improving the triggering efficiency.ndly the maximum triggering
frequency is limited by the field penetration times; intéroails should greatly increase the
maximum triggering frequency, leading to the prospect cdlfen average ELM size.

b. Vertical Stability Studiesfor ITER

Experiments in NSTX have shown that a typical, highly roldstible null plasma target
has a measured the maximum controllable vertical displac&€fA¥ a1 ~ 0.15-0.24m , corre-
sponding taAZ; ~ 0.23 - 0.37% . Data from a scan of drift distances are showuatird and
downward-directed drifts have approximately the same mari controllable displacement.
The maximum displacement calculated for this equilibriumd @ontrol configuration using a
TokSys [50] model developed in a collaboration between-DIihind NSTX is found to be-
0.40 m, orAZ, ~ 60%. The magnitude of this discrepancy is far greater thanotiserved
sources of noise, and so is unlikely to be explained by sulgttst A likely contributor to
the discrepancy is inaccuracy in modeling the complex nagyanmetric passive structures of
NSTX. Understanding the effect of complex non-axisymneetanducting structures could be
an important effect for determining vertical stability orER.

10. Summary

Substantial progress has been made towards achievingith@pmission of NSTX, which
is to understand and utilize the advantages of the ST comafigurby establishing attractive ST
steady-state operating scenarios and configurationstaBhigSTX has also clarified numerous
outstanding issues (such as the cause of electron trangportthe effect of plasma rotation
on confinement and macroscopic stability) which are genterioroidal fusion science, and
has contributed to ITER both directly and through increaglegsics understanding. These
advances have reinforced the case for an ST as a first-waknes device and as a potential
fusion neutron producing facility, as well as for a potelntgactor.

Turbulent density fluctuations have been observed in NSBSmAs in the range of wave
numbersk, pe = 0.1-0.4. The large values é&f, p;j, propagation in the electron drift direction,
and a strong correlation witR/Lt, exclude the ITG mode as the source of turbulence. Ex-
perimental observations and an agreement with numerisaltssfrom the linear gyro-kinetic
GS2 code support the conjecture that the observed turlilemtriven by the electron temper-
ature gradient. Flow shear has been shown to affect the iofinemnent in the edge of NSTX
plasmas in a manner consistent withx B reduction of ITG mode induced transport. Momen-
tum transport has been measured and shown to be above ttat@deby neoclassical theory,
but consistent with the existence of residual ion-scaleui@nce. Lithium evaporation has been
used to coat the NSTX wall and has been an effective tool ireasing electron energy confine-
ment, and suppressing ELMs, a key issue for ITER. The suafdbss coating technique has
led NSTX to pursue a Liquid Lithium Divertor [51] as part of ihear term research plan. The
scaling of scrape-off layer fluxes has been measured on N&T&xtremely important issue for
future ST devices, such as the proposed NHTX [49]. Gas pudfipgriments have successfully
reduced the heat flux to the NSTX divertor plates, which cachiesalues of 10IW /n? similar
to ITER.n = 3 error field correction has been combined with n=1 RFA suggoa, improving
plasma performance measurably on NSTX. Flow shear has Ibe@gmgo be an important af-
fect in the appearance and growth of neoclassical tearirdesalearly distinguished from the
effect of rotation alone. The physics which determines thgpting of HHFW power through
the scrape of layer has been understood to be dominated fagsuvave physics. This knowl-
edge has been used to improve the efficacy and reliability HR\M heating, and should be
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very helpful to successful RF heating experiments on ITHf physics of EBW coupling has
been understood and has been shown to be dominated byarmdlisiamping at the mode con-
version layer. It is important to note that lithium evap@rathas been a crucial tool for making
progress on the understanding of both of these importang ywhysics phenomena. Multi-mode
fast particle MHD has been observed on NSTX, which operatéise Super Alfvénic regime.
These modes have been modeled and the resultant loss offéistgs understood quantita-
tively. The ability to predict the physics of multi-mode #&n waves is crucial to ITER and
all future burning plasmas experiments. NSTX has dematestithe ability couple traditional
inductive current ramp to CHI current initiation and showattplasma performance is similar
to that without CHI. Even more important to the ST conceptésability to maintain the plasma
current in steady-state. NSTX has demonstrated 1) theyabperate with3; and f,s meeting
the requirements of ST-CTF and NHTX using equilibria thatehdhe requirementx(~ 2.8,
A~ 1.6-1.8). NSTX has also demonstrated a new record non-iivéucurrent fraction with
the increase coming from improved, neutral beam curremedkificiency. This improved effi-
ciency is a result of operating at lowet, motivating further research in this regime. Finally,
NSTX has made important contributions to the ITER desigreseyprocess in the areas of ELM
stabilization using non-axisymmetric fields and in underding vertical stability.

The substantial scientific productivity of NSTX is a testatn®® the importance of inves-
tigating physics in new regimes. By operating at low aspatiby new physics regimes are
investigated and theories are tested and extended, whips teeclarify physics that is impor-
tant not just to NSTX and low aspect ratio devices but to garteroidal fusion science.

*This work was supported by the U.S. Department of Energyn@uader contract number DE-AC02-76CH03073.
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