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Abstract. The mission of NSTX is the demonstration of the physics basis required to extrapolate to the next steps
for the spherical torus (ST), such as a plasma facing component test facility (NHTX) or an ST based component test
facility (ST-CTF), and to support ITER. Key issues for the ST are transport, and steady state high § operation. To
better understand electron transport, a new high-k scattering diagnostic was used extensively to investigate electron
gyro-scale fluctuations with varying electron temperature gradient scale-length. Results from n = 3 braking studies
confirm the flow shear dependence of ion transport. Improved coupling of High Harmonic Fast-Waves has been
achieved by reducing the edge density relative to the critical density for surface wave coupling. In order to achieve
high bootstrap fraction, future ST designs envision running at very high elongation. Plasmas have been maintained
on NSTX at very low internal inductance /; ~ 0.4 with strong shaping (k ~ 2.7, 8 ~ 0.8) with By approaching
the with-wall beta limit for several energy confinement times. By operating at lower collisionality in this regime,
NSTX has achieved record non-inductive current drive fraction fy; ~ 71%. Instabilities driven by super-Alfvénic
ions are an important issue for all burning plasmas, including ITER. Fast ions from NBI on NSTX are super-
Alfvénic. Linear TAE thresholds and appreciable fast-ion loss during multi-mode bursts are measured and these
results are compared to theory. RWM/RFA feedback combined with n=3 error field control was used on NSTX to
maintain plasma rotation with 3 above the no-wall limit. The impact of n > 1 error fields on stability is a important
result for ITER. Other highlights are: results of lithium coating experiments, demonstration of divertor heat load
mitigation in strongly shaped plasmas, and coupling of CHI plasmas to OH ramp-up. These results advance the
ST towards next step fusion energy devices such as NHTX and ST-CTF.

1. Introduction

The spherical torus (ST) concept [1] has been proposed as a potential fusion reactor [2] as
well as a Component Test Facility (ST-CTF) [3]. The National Spherical Torus eXperiment
(NSTX) [4], which has been in operation since 1999, has as its primary mission element to
understand and utilize the advantages of the ST configuration by establishing attractive ST op-
erating scenarios and configurations - in particular, high [ steady state scenarios with good
confinement. As an additional mission element, NSTX exploits its unique capabilities to com-
plement the established tokamak database and thereby support ITER by expanding the breadth
of the range of operating parameters such as lower A, very high §, high v 745 /vai fven, as well as
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other important plasma parameters. This broader range of experience helps clarify uncertainties
in extrapolating to ITER by removing degeneracies in physics scaling. The third main element
of the NSTX mission is to understand the physics properties of the ST, brought about by oper-
ating in this unique regime. Understanding the physics of the ST provides the basic framework
for success with the first two mission elements described above.

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

2. Transport and Turbulence Physics
a. Electron Energy Transport

The cause of anomalous electron energy transport in toroidal confinement devices is still an
outstanding issue. There are numerous examples of potential explanations of this important
phenomenon in the literature (see, e.g. [5, 6, 7])

invoking differing turbulent processes. However, 3 ¥

due to the fundamental difficulty of measuring 1
turbulence on the electron length scale, the ex- % 2r T
perimental data to test these theories has been =<

absent. Because of its relatively low magnetic  — 1 i
field and high plasma temperature, both of which [

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- 104 ' ' " '
search on the important topic of electron turbu- 10°F Kipe=0.25

lent energy transport.

To facilitate this research, a microwave scat-
tering diagnostic has been developed and de-
ployed on NSTX which is capable of a spatial
resolution of 2.5 c¢m together with a wave num-
ber resolution of 1 ¢m~! and which, by using
steerable optics, is capable of sampling the en-
tire plasma minor radius and measures predomi- Figure 1: a) The electron temperature profiles for two
nantly k; in the range from 2 to 24cm™! [8]. Ded-  shots with strongly varying Lr,, and b) the spectral
icated scans which measured the fluctuation am- power density of fluctuations with k; = 11cm.
plitude as a function of both k, and minor radius
were performed in a variety of plasma conditions.

An illustrative example, which was originally published in reference [9], is shown in the
top frame of Figure 1. Shown are two discharges for which the electron heating power from
the NSTX High Harmonic Fast Wave (HHFW) system was varied from 0.0MW (black) to
1.6MW (red). The high-k scattering system was focused on the inflection point of the electron

/2t (MHz)
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temperature profile as indicated by the blue band

2 8—2 R in the figure. For this particular discharge,

§ sk the variation of the normalized inverse elec-

84 tron temperature gradient scale-length R/Ly, =

E L y (R/T,)dT,/dr was from 15cm (red) to 50cm

= 0 (black). The measured spectral density for k| =
-4

11em™!, shown in the second panel of Figure 1,
shows a much higher fluctuation amplitude for
large values of R/Ly,. Negative frequencies in
the figure correspond to fluctuations propagating
in the electron direction.
To gain insight into the origin of the observed
~2 Bl e : fluctuation spectrum, a linear version of the GS2
0.15 020 0.25 0.30 0.35 0.40 o . .
Time (s) stability code [10] is used to obtain the nor-
malized critical gradient (R/Lr,)crix for the on-
Figure 2: a) The time evolution of measured gradient - set of the ETG instability. This code solves the
R/Lz, (squares) and GS2 critical gradient R/Lr,cri for - gvro_kinetic Vlasov-Maxwell equations, includ-
the onset of the ETG mode (triangles). The dashed . .
o . . ing both passing and trapped particles, electro-
line is the critical gradient from Reference [11], and . )
b) the time history of the spectral power density of magnetic effects, and a Loreptz .COHISIOH oper-
fluctuations with k| p, = 0.2 —0.4 at R=1.2 m. Neg- ator. The results are shown in Figure 2, where
ative frequencies correspond to wave propagation in the critical gradient is compared with the mea-
the electron diamagnetic direction. sured normalized temperature gradient R /Ly, for
the case of Figure 1. Also shown in the figure is
the critical gradient scale length according to the relation described in Reference [11]. From
this, we conclude that the ETG mode is indeed unstable over most of the RF pulse where the
electron temperature gradient is greater than the critical gradient.

Frequency (MHz)
o
&
Spectral Density (a.u.)

b. Ion Energy Transport

Because of its low magnetic field and strong uni-directional neutral beam heating, NSTX op-
erates with very high levels of FE x B flow-shear with ygxp ~ 1MHz,
which is up to five times larger
than the typical value of the max- 102
imum growth rate of ITG modes
[12] as calculated by the GS2
code. This means that for these 4
cases we expect turbulence on the OTE 10?
ion scale length to be suppressed E
and that transport physics will be
determined by other phenomena.

0.72s

0.72s

VQ (‘1‘(‘)‘3‘rad‘/3/‘c‘rr‘l‘)m

To test the hypothesis that ion 100 +4————F—— B
turbulent transport is suppressed 0O 02 04 06 08 10 0O 02 04 06 08 10
an experiment was performed us- (D/D,)12 (D/D,)12

ing the n = 3 non-resonant brak-
ing capability [13] available on Figure 3: a) The measured ion thermal diffusivity b) the measured ve-

NSTX. A predominantly n =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 effect of reducing the edge plasma ro-
tation and creating a region of low velocity shear. The ion thermal diffusivity is deduced from
magnetic plasma reconstructions and the entire NSTX profile dataset (7, n, from Thomson
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scattering at 30 radial points and 16ms temporal 150
resolution, 7;,n; from charge exchange recom-
bination spectroscopy at 51 radial points with
10ms temporal resolution, and By/ By motional 100
Stark-effect polarimetry with 16 radial points
and 10ms temporal resolution) is used as input
to the TRANSP code [14]. 50

¢ With Lithium +20%
o Without Lithium

We (kJ)
I L

Shown in Figure 3 are the results from the Bfi‘%”;‘;‘}
above analysis for a series of discharges for lp = 0.9MA A\tlgrgge
. . . — 4.0+ +std. dev.
which the n=3 braking was varied. Also shown 0 L T e
0 100 200 300

in the figure is the measured velocity shear pro-
file for each of the discharges. It can be seen that
H.l Fhe .OUter region of the pl:oﬁle the ion diffu- Figure 4: The increase in electron thermal stored en-
sivity increases as the velocity shear decreases, ergy plotted vs. total plasma stored energy for data
with good spatial correlation between the mea-  from standard reference discharges in 2008.

sured change in velocity and the reduced con-

finement. From this we conclude that the turbulence-driven ion-energy loss goes from sub-
dominant (¥; ~ ¥;,.,) to dominant (4x neoclassical diffusivity) as the velocity shear is reduced.

WmnD<EFIT> (kJ)

3. Boundary Physics
a. Lithium Wall Coating

In 2007 the lithium evaporator (LITER) previously employed on NSTX [15] was upgraded
to allow a higher operating temperature and thereby allow higher evaporation rates. The reser-
voir and the exit duct were also enlarged and re-aimed to optimize the deposition geometry.
Lithium deposition rates up to about 60 mg/min were used and the amount of lithium applied
prior to a discharge ranged from a few mg to over 2 g, with a total of 93 g of lithium being evap-
orated during the year. The improved lithium deposition rate allowed for the routine application

of lithium between discharges, permitting for the

a 2'WMUMUU\JLLLMUJK first time the accumulation of a statistical database
2 ;j ‘ 7 showing the effect of lithium coatings on confine-
o ?L/LMMLLJ\U\LJM ment. The average relative increase in the electron
2 o ‘ stored energy due to lithium was observed to be
3 ol ‘ ] In 2008, the lithium evaporator system was fur-
5y ?_LLLMLL_LMM ther expanded [16] to include a second LITER to
5 ot : 1 facilitate more complete coverage of the divertor
5 'J_M_L_MM\ML since the pumping effect of lithium is proportional
% ok : 3 to the surface coverage. The improved lithium cov-
e 1 erage led to a further increase in the observed con-
B 0 U‘”‘-——u—”‘mw“'————*"o’_‘l finement improvement. For reference discharges,

Time [sec] the average relative increase in electron stored en-

) _ ergy with the dual LITER was 44%, nearly dou-

Figure 5: The suppression of ELMs after a se- 10" a¢ achieved with a single LITER. As was the
quence of shots with steady application of lithium, in2007. the bulk of the i . 1ol

with the amount of applied lithium increasing case n »the u of the increase in total plasma

from the top frame to the bottom frame. stored energy was in the electron channel. The elec-

tron stored energy plotted versus the total stored en-

ergy is shown in Figure 4. The addition of the second evaporator also enabled the development

of an operational scenario that did not rely on helium discharge cleaning. The no-glow scenario
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decreased the time between plasma discharges and reduced helium contamination in subsequent
discharges.

Another important effect of the application of lithium coatings was the reliable suppression
of ELMs. This effect is illustrated in Figure 5. The figure shows a plasma discharge which pre-
ceded the application of lithium, as well as a series of discharges that came after the deposition
of lithium. The steady increase of the duration of the ELM free periods is apparent.

b. Divertor Heat Flux Reduction

Experiments conducted in high-
. performance H-mode discharges
5 _. demonstrated that significant re-
\ \_' duction of the divertor peak heat
: flux, gpr, and access to detach-
] ment is facilitated naturally in a
highly-shaped ST. Because of the
high poloidal magnetic flux ex-
pansion factor between the mid-
plane SOL and the divertor plate
strike point (18-26) and higher
SOL area expansion, the diver-
| tor particle and heat fluxes are
; much lower in the highly-shaped
plasmas than in similar plasmas
with lower-end shaping parame-
0.0 Ot eop O2 0.3 0.4 ters [?]. In addition, the higher
radiative plasma volume and the
Figure 6: A reference 6 MW, 1.0 MA discharge (black) and a partially Plasma plugging effect counter-
detached divertor discharge (red) (a) plasma current, NBI power, and balancing the open configuration
line-averaged density, (b) plasma stored energy, c) radiated power. d) of the NSTX divertor facilitate
divertor heat flux profiles at specified times for the two discharges. access to the radiative divertor

regime with reduced heat flux.

Steady-state measurements of divertor peak heat flux in NSTX showed that g, increases
monotonically with NBI heating power and plasma current [?] due to the corresponding increase
in the power fraction flowing into the scrape-off layer and the decrease in the connection length
(proportional to q). Access to the partially detached divertor (PDD) regime was demonstrated
in 1.0 - 1.2 MA 6 MW NBI-heated discharges using additional divertor deuterium injection.
These discharges represent the most challenging case for divertor heat flux mitigation in NSTX
as g in the range 6-12 MW / m? is routinely measured. A partial detachment of the outer strike
point was induced at several gas puffing rates in 6 MW, 1.0 MA discharges while good core
confinement and pedestal characteristics were maintained as shown in Figure 6. Steady-state
heat flux reduction in 6 MW, 1.2 MA discharges from 4-10 MW /m? to 1.5-3 MW /m? required
higher gas puffing rates. While core plasma confinement properties were not degraded, 3-limit
related disruptive MHD activity led to the pulse length reduction by 10-15%. The partial outer
strike point detachment was evidenced by a 30-60% increase in divertor plasma radiation, a peak
heat flux reduction up to 60%, measured in a 10 cm radial zone adjacent to the strike point, a 30
- 80% increase in divertor neutral compression, and a reduction in ion flux to the plate. Divertor
plasma density increased to 3-4 x 102m 3 and a significant volume recombination rate increase
in the PDD zone was measured. At higher gas puffing rates, an X-point MARFE was formed
suggesting that further radiative divertor regime optimization in NSTX would require active

Ref. dicharge PDD dicharge

1_p (MA), n_e (x 119 m*3)
—_—

Stored Energy k)

o o
5 o ® oo

Rad. power (W)

>

0O <4 N O M 0O
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divertor pumping [18].
4. MHD Physics
a. Error Fields and RFA/RWM Control

At high B, error field correction can aid sustainment of high toroidal rotation needed for
passive (rotational) stabilization of the n = 1 resistive wall mode (RWM) and/or suppression of
the n = 1 resonant field amplification (RFA). In 2006, algorithms were developed to correct for
a toroidal field (TF) error-field that results from motion of the TF coil induced by an electromag-
netic interaction between the ohmic heating (OH) and TF coils [19].
In 2007 significant emphasis was placed on uti-
lizing improved mode detection to better iden-
tify and control the RFA/RWM and more com- i
plete understanding of the intrinsic error field. 150 -
The improved RFA/RWM control used the full I
complement of in-vessel poloidal field sensors
for mode identification, and optimized the rela-
tive phase of the upper and lower sensors to best
discriminate between n = 1 and n > 1 fields. Im-
proved detection increases the signal to noise, i
improves mode detection during any mode de- 0 ‘ ‘
formation, and allows for increased proportional o0 o tin':éo(s) ' =0
gain during feedback-controlled RFA/RWM. In
fact, in 2007, using optimized B), sensors in the

200 [ V,atR'= 105.

V,atR = 119.

R=

V,atR = 138.

v, (km/s)

100 —

Figure 7: The measured plasma rotation at various

control system allowed feedback to provide all
of the n = 1 error field correction at high beta,
whereas previous n = 1 EF correction required

radii plotted vs. time during a discharge that utilized
combined n = 3 error field correction and n=1 RFA
suppression. The plasma rotation is maintained for
the duration of the discharge.

an a priori estimate of intrinsic EF. To train the

RFA/RWM control system, an n = 1 EF was purposely applied to reduce the plasma rotation
and destabilize the n = 1 RWM. Then, phase scans were performed find the corrective feedback
phase that reduced the purposely applied EF currents. The gain was then increased until the
applied EF currents were nearly completely nulled and plasma stability restored.

Beyond n = 1 error fields, n = 3 error fields were found to be important in NSTX, particularly
at high By . In experiments that varied the polarity and amplitude of an applied n = 3 error field,
plasma pulse-lengths varied by as much as a factor of 2 depending on n = 3 polarity. It is
noteworthy that n > 1 error fields are not commonly addressed in present devices, or in future
burning plasma devices such as ITER. Interestingly, n = 2 fields were also investigated but
within detection limits all phases of applied n = 2 field were found to be deleterious to plasma
performance, indicating that NSTX does not benefit from n = 2 error correction.

At the end of 2007, n = 1RFA suppression was combined with the n = 3 error field cor-
rection. The scenario was so successful that it was widely utilized in 2008 to improve plasma
operations. The application of both n = 3 correction and n = 1 RFA/RWM control has enabled
the maintenance of plasma rotation at high-f§ throughout the plasma discharge. As can be seen
in Figure 7, the plasma rotation profile is maintained throughout the period that CHERS data is
available. By ~ SMA/(m-T) is maintained for 3-4tcg, and the plasma current flat-top is 1.6s,
a ST record. Previously long pulse discharges at high- were limited by a slow degradation of
rotation in the plasma core with the eventual onset of either a saturated internal kink mode [20]
or an RWM [21].
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b. The effect of rotation on NTMs

Plasma rotation and/or rotation shear are believed to play important roles in determining
the stability of Neoclassical Tearing Modes (NTMs) [22]. Results from DIII-D using mixed
co/counter balance show that for the 3/2 mode, the saturated m/n=3/2 neoclassical islands are
larger when the rotation shear is reduced. Furthermore, the onset By for the 2/1 mode is lower
at reduced rotation and rotation shear.

0-35 [ T T T 0_4 E T T T T T T :
0.30f 3 L b) ?
3 _ > 0.3F T T =
QE 0.25E g\gs ‘ :
3 0.20F H 5
o | 2 0.2F ;
ol 0.15} 7ol
| [ - ]
2 0.10F < 041F ELM Trigger e
0.05 _ ] g ‘ No Visible Trigger
0.00 E 1 1 1 1 1 1 1 E 0.0 E 1 1 1 1 1 1 :
0 2 4 6 8 10 12 14 00 02 04 06 08 1.0 12 14
F, @ q=2 (kHz) -2n(dF/dR)z,L,

Figure 8: The variation of the magnitude of the bootstrap drive term for the neoclassical tearing mode with a)
plasma rotation frequency g = 2, and b) local rotational shear at g = 2.

Experiments in NSTX [23] have studied the onset conditions for the 2/1 mode, as a function
of rotation and rotation shear, where n=3 magnetic braking has been utilized to slow rotation.
By studying many discharges with a range of braking levels and injection torques, a wide variety
of points in rotation/rotation shear space have been achieved. Additionally, all NTM relevant
quantities, such as the rotation shear and bootstrap drive for the mode, have been calculated
using correct low-aspect ratio formulations.

The results of this exercise are shown in Figure 8, where the bootstrap drive at NTM onset
is plotted against a) plasma rotation frequency at q=2, and b) local rotation shear at q=2; larger
values of drive at mode onset imply increased stability. The color scheme is related to the
triggering mechanism: the modes are observed to be triggered by energetic particle modes
(EPMs, orange points), Edge Localized Modes (ELMs, blue points), or in some cases grow
without a trigger (purple points). Considering frame a), there is no clear trend in the onset
threshold with rotation, either within each trigger type or considering all of the points as a
group. This is in contrast to the data in b), where the onset NTM drive is plotted against the
rotation shear at g=2. The entire set of points shows increasing drive required at larger local
flow shear. Furthermore, the colored lines show that within each trigger type, the onset threshold
depends on the local rotation shear, with EPMs triggering the modes at the lowest drive, ELMS
at intermediate levels, and the trigger-less NTM occurring at the largest bootstrap drive. These
and other NSTX results, coupled to DIII-D measurements, imply that sheared rotation, and its
synergistic coupling to magnetic shear, can strongly affect tearing mode stability.

5. Wave Physics: High Harmonic Fast Wave Heating

The NSTX High Harmonic Fast Wave system (HHFW) is capable of delivering 6MW of
30MHz heating power through a 12 strap antenna which can excite waves with 3.5m~! < |kH | <

14m~". Substantial progress was made on understanding coupling of HHFW to achieve efficient
electron heating. The improved coupling efficiency is associated with controlling the edge
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plasma density to below the critical density for coupling to surface waves (where n,_ . ~ B x
kﬁ /w) [25]. Coupling control has been accomplished by both: a) reducing the edge plasma
density, and b) increasing the critical density for surface wave coupling by operating at higher
toroidal field. Scaling of the heating efficiency shows good agreement with nguenng < Herir as
the relevant criterion. This is an important issue for ITER, because the ITER ICRH antenna is
designed to run with relatively low kH , indicating a low n.jy ~ 1.4 X 1018m=3.

After extensive wall conditioning which included lithium evaporation, HHFW heating in
deuterium plasmas, for which control of the density had been more difficult than for helium
plasmas, was as successful as that for helium plasmas [24].

a) Helium L-mode b) Deuterium L-mode c) Deuterium H-mode

Te 6 T & 1 2 Prr = 1.6 MW
(keV) PRF = 3.1 MW PRE - 3.1 MW (keV) | Prng=2.0 MW ]
4r S \ e = : 44
-
- & -
OH only OH only L b - /‘*
12 I 4 Png = 2.0 MW
X
o A
29381

L (0.148 sec) JL (0.148 sec)
3 120328 120343 | 3 8

(1019 , | 1 1, ao
m3)
o o
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Figure 9: HHFW heating of electrons for a) helium L-mode, b) deuterium L-mode and c) neutral beam driven
H-mode deuterium discharges in NSTX. [180° antenna phasing ky = 14-18 m-1,B; =0.55 T, and 1, = 0.65 MA for
a) and b), and I, = 1 MA for ¢)]

Central electron temperatures of 5 keV have been achieved in both He and D plasmas with
the application of 3.1 MW HHFW at k| = — 14m~!, and at a toroidal magnetic field of B; =0.55
T, as shown in Figure 9a and 9b. These high heating efficiency results were obtained by keeping
the edge density of the plasma below the critical density for perpendicular wave propagation for
the chosen antenna toroidal wavenumber, presumably thereby reducing the wave fields at the
edge of the plasma and the edge RF power losses [25]. The edge losses at the lower antenna
phasings (longer toroidal wavelengths) are the hardest to control but a phase scan in deuterium
has shown efficient heating down to antenna phase of k| = —7m~! [24, 26] and significant

heating has been obtained in deuterium at kH = —3.5m™! for the first time [26].

Advanced RF modeling of the HHFW wave propagation in NSTX shows that the waves
propagate at a significant angle to the normal to the toroidal field in entering the plasma, which
also can enhance the interaction of the fields with the antenna/wall structures. These modeling
results also predict very high single pass damping in the NSTX plasma [26], so that if the
initial interaction with the antenna/wall can be suppressed by placing the onset density for
perpendicular propagation away from these structures, very low edge loss will occur resulting
in high heating efficiency. This makes the NSTX plasma an ideal test-bed for benchmarking
models in advanced RF codes for RF power loss in the vicinity of the antenna as they are
developed. Experiments have begun on NSTX to optimize HHFW core heating of neutral beam
driven H-mode deuterium plasmas. Again with a well conditioned wall, significant core electron
heating, as evidenced by an increase ~ 0.7 keV in 7,(0) and a factor of ~ 2 in central electron
pressure as indicated in Figure 9c, has been observed for 1 MA, 0.55 T operation for an antenna
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phase of 180° (k| = 14, 18m~!). This result contrasts strongly with the total lack of heating
found earlier at B; = 4.5 T [27], and is useful for the study of electron transport in the NSTX
core plasma.

6. Fast Particle Physics

While single Toroidal Alfvén Eigenmodes (TAE) are not expected to cause substantial fast
ion transport in ITER, multiple modes, particularly if they strongly interact, becoming non-
linear as in an ‘“avalanche event” [28], «can affect ignition thresholds,
redistribute beam-driven currents and damage PFCs
on ITER. NSTX is an excellent device for study- 150+ = T
ing these modes because of its high vyag /Vaifven-
The TAE avalanche threshold has been measured
on NSTX and the concomitant fast ion losses are
studied with measurements of internal mode struc-
ture, amplitude and frequency evolution and mea-
surements of the fast-ion distribution [29]. Fast-ion
transport is studied with multi-channel NPA diag-
nostics and fast neutron rate monitors. Of particular I
interest is that the NPA shows that redistribution ex- R — ————————r—s
tends down to energies at least as low as 30 keV, less ~ 2sfNeutron rate (1012/s) 3
than half the full energy of injection. Loss of fast !
ions is indicated by drops of ~ 10% in the neutron
rate at each avalanche event as is shown in Figure
10. The plasma equilibrium is reconstructed during
the avalanching period using the equilibrium code, Figure 10: a) Detail spectrogram of single
LRDFIT, which uses Motional Stark Effect (MSE) avalanche cycle. Colors indicate toroidal mode
data to constrain the current profile. The NOVA numbers (black 1,red 2, green 3, blue 4, magenta
code was used to find eigenmode solutions for the ©)-b) neutron rate showing drop at avalanche.
four dominant TAE modes seen in the avalanche at
0.285s shown in Figure 10. The NOVA eigenmode structure, scaled in amplitude and frequency
evolution to experimental measurements, are used to model fast ion transport with ORBIT.
Good agreement is found for the fast ion losses at avalanche events.
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7. Solenoid Free Startup

Elimination of the central solenoid would be helpful for the ST concept. Solenoid-free
plasma startup is also relevant to steady-state tokamak operation, as this large inductive compo-
nent that is located in a high radiation environment is needed only during the initial discharge
initiation and current ramp-up phases.

Coaxial Helicity Injection (CHI) is a candidate both for plasma startup in the ST and for
edge current drive during the sustained phase [30]. The method referred to as transient CHI
first demonstrated on the HIT-II experiment [31], has now been successfully used in NSTX
for plasma startup and coupling to induction [32]. CHI is implemented by driving current
along externally produced field lines that connect the lower divertor plates in the presence of
toroidal and poloidal magnetic fields. NSTX uses the lower divertor plates as the injector. The
initial injector poloidal field is produced using the lower divertor coils. This field connects
the lower inner and outer divertor plates. Gas is injected in a region below the divertor plates
and a capacitor bank is discharged across the lower divertor plates. Currents then flow along
the poloidal field lines connecting the lower divertor plates. As the injected current exceeds
a threshold value, the J x B force exceeds the restraining force from the injector field lines,
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causing the injected field to pull into the vessel as shown in reference [32]. Reconnection then
occurs near the injector, producing a closed flux equi- 128401

librium in the vessel.

NSTX has demonstrated coupling of the CHI pro- a '
duced current to conventional inductive operation. In
Figure 11, we show traces for the injector current, the 06
plasma current, and the applied inductive loop volt- 04
age for a CHI-started discharge that was coupled to 02
induction. In this discharge 1.5 kA of injector current
produces about 75 kA of toroidal current. The cur-
rent multiplication, defined as the ratio of the plasma
current to injector current, peaks near 70. The high-
est amount of closed flux current produced in NSTX
CHI discharges is 160 kA, which is a world record for
non-inductively generated closed flux current is a ST
or tokamak. During the decay phase of this current
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induction is applied from the central solenoid. The seconds

plasma current then ramps-up reaching a peak value Figure 11: Shown is a discharge (128401) in
Similar discharges in NSTX have transitioned into H- induction. Note that approximately 2kA of
modes as described in Reference [32]. CHI injector current produces about 100kA of

CHI produced plasma current. Application of

8. Advanced Scenarios and Control an inductive loop voltage causes the current to

ramp-up to 700kA.

The achievement of high plasma elongation is crit-
ical to the success of the spherical torus concept, since the bootstrap fraction increases as the

Shot= 129986, time= 700ms
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Figure 12: Reconstruction of a
typical highx ~ 2.8, highf§, ~ 1.8
equilibrium.

square of the plasma elongation for fixed normalized By =
B:aB; /Ip, where [, is the plasma current, B; is the vacuum
toroidal magnetic field at the plasma geometric center, a is the
plasma minor radius, and (3, is the toroidal B defined as the
B: = (P)/(B?/2uo) where (P) is the pressure averaged over the
plasma volume. Achieving high bootstrap current is crucial to
being able to maintain a spherical torus plasma, since there is
not room in the center of the ST for a transformer that can drive
current inductively.

The primary motivation for discharge development on NSTX
is the simulation of operational scenarios on proposed future
ST devices such as NHTX [33] and ST-CTF [3]. It is pro-
posed that these devices operate at very high elongation K ~
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, achieving K ~
2.7 at By ~ 5.5 for 0.5s ~ 2tcg. Figure 12 shows the equi-
librium cross-section for such a discharge. These discharges
achieved high non-inductive current fractions fy; ~ 65% and
fps ~ 50%, matching the previous best values on NSTX but for
longer pulse. The end of these high elongation discharges is
now determined by the heating limits of the TF coil on NSTX.

Another important distinction between NSTX and future STs
is collisionality. NSTX, because of its modest size and low field
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relative to these future devices, typically runs with 0.1 < v < 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 colli-
sionality on NSTX substantially reduces the beam driven
current fraction. Using a scenario that had a lower col-
lisionality and simultaneously achieved a record value of
Bp, NSTX has been able to demonstrate that beam driven
current scales according to classical predictions and that %z
NSTX can support simultaneous higher beam driven cur- 9
rent and high bootstrap fraction. The discharge in ques-
tion used both lithium evaporation and transient tech-
niques to reduce the collisionality and thereby increase 0 :
the beam driven current fraction to fyg; ~ 20%, roughly 0.0 0.5 1.0 15 20
double that of the discharge shown in Figure 12. The shot Trwitn (865
also achieved a record non-inductive current fraction of
Sni ~ 71%. Whereas this shot used transient techniques Figure 13: Comparison of By averaged
to achieve this higher value of fy;, it represents an im- ©Ver the plasma current flat-top plotted ver-
portant demonstration of the physics required to move to- *° the plasma current flai-top for shots
with (red) and without (black) n = 3 error
wards the goal of fy; ~ 100%. field correction + n = 1 RFA suppression.
As mentioned in Section 4., non-axisymmetric n = 3
error field control and n = 1 RFA suppression has been recently used as a standard operational
tool to improve plasma discharge performance. This new capability was responsible for a dra-
matic increase in the reliability of long pulse operation, extending both the plasma duration
and the peak pulse averaged Py achievable in a plasma discharge. Shown in Figure 13 are the
average Py (averaged over the plasma current flat-top) plotted versus the length of the flat-top,
spanning the entire NSTX database for 2008. Black points represent discharges that did not
have error field+RFA control, red points are plasmas that did have RFA control. The separation
between the data points indicates the importance of controlling error fields at high plasma 3.
Whereas it is believed that lithium conditioning was also important in achieving this improved
performance, statistical analysis similar to that performed in Figure 13 did not show a similar
separation in terms of these parameters between shots and without lithium conditioning. This
new non-axisymmetric field control capability has contributed to the longest plasma pulse ever
created on a spherical tokamak device. The plasma discharge lasted for 1.8s, with a plasma
current flat-top of 1.6s, limited by heating limits of the TF coil.

2008 Feedback
2008 No Feedback

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

Motivated by the need for additional information for ITER on the physics of 3-D applied
fields for ELM stabilization, experiments to modify edge stability and affect ELMs have been
conducted in NSTX. The external non-axisymmetric coil set on NSTX mimics the ITER ex-
ternal coil set in both spectrum and normalized distance from the plasma, so NSTX is an ideal
machine on which to perform these important experiments to clarify this issue for ITER. Here
the external coil set was used to apply n =2, n =3, and n = 2+ 3 fields to ELMy discharges.
Whereas the signature of the ELMs on several diagnostics was indeed modified, mitigation of
ELMs (i.e. reduction in ELM size) was not observed.

On the other hand, the application of n = 3 fields was observed to de-stabilize Type I ELMs
in ELM-free phases of discharges. This de-stabilization was observed to require a threshold per-
turbation strength, with stronger perturbations resulting in a higher ELM frequency. Substantial
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changes to the toroidal rotation profile were observed, qualitatively consistent with neoclassical
toroidal viscosity (NTV) non-resonant magnetic breaking [13].
Short pulses of n = 3 fields were added to ELM-free
2 2 H-mode discharges, produced by lithium wall coating, to
i i controllably trigger ELMs and thereby reduce both the
L 3 plasma density and the secular increase in the radiated
5 power which usually occurs when ELMs are suppressed.
] \ Figure 14 compares the reference ELM-free discharge
— (black) with one to which short n=3 perturbations were
3 3 added (panel c). Note that the discharge with n=3 field
HHHHHHHHHHHHHHHMHHHﬂﬂﬂﬂ maintains high plasma stored energy for the entire dis-

charge (panel a), has reduced line-average density (panel
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b), shows signatures of the ELMs on divertor D, emis-
sion (panel d), and reduces the plasma radiated power
F130669 7 (panel e). The triggered ELMs exhausted a substantial
F130670 1 fraction of core stored energy (OW /Wior < 25%), but the
- 4 average ELM size did decrease with elongation, suggest-
os 1.0 1ing a possible route for optimization. In addition, the
n = 3 fields were 50-80% successful in triggering ELMs,
Figure 14: Comparison of an ELM-free depending on the discharge characteristics. The largest
discharge (black) with one to which n =3 ELMs were typically observed after one of the pulses in
fields were added. a) plasma stored energy  the train failed to trigger an ELM. This suggests that fur-
for the entire discharge, b) line-average ther reduction in average ELM size would be obtained
density, ¢) n=3 current, d) divertor D¢ by i . . . . . .
- . y improving the triggering efficiency. Finally the maxi-
emission, and e) radiated power. . c >
mum triggering frequency is limited by the field penetra-
tion times; internal coils should greatly increase the maximum triggering frequency, leading to
the prospect of smaller average ELM size.
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b. Vertical Stability Studies for ITER

Experiments in NSTX have shown that a typical, highly robust double null plasma target
has a measured the maximum controllable vertical displacement AZ,,;, ~ 0.15-0.24m , corre-
sponding to AZ, ~ 0.23 - 0.37% . Data from a scan of drift distances are show that upward and
downward-directed drifts have approximately the same maximum controllable displacement.
The maximum displacement calculated for this equilibrium and control configuration using a
TokSys [34] model developed in a collaboration between DIII-D and NSTX is found to be ~
0.40 m, or AZ, ~ 60%. The magnitude of this discrepancy is far greater than any observed
sources of noise, and so is unlikely to be explained by such effects. A likely contributor to
the discrepancy is inaccuracy in modeling the complex non-axisymmetric passive structures of
NSTX. Understanding the effect of complex non-axisymmetric conducting structures could be
an important effect for determining vertical stability on ITER.

10. Summary

Substantial progress has been made towards achieving the primary mission of NSTX, which
is to understand and utilize the advantages of the ST configuration by establishing attractive ST
steady-state operating scenarios and configurations at high 3. NSTX has also clarified numerous
outstanding issues (such as the cause of electron transport, and the effect of plasma rotation
on confinement and macroscopic stability) which are generic to toroidal fusion science, and
has contributed to ITER both directly and through increased physics understanding. These
advances have reinforced the case for an ST as a first-wall research device and as a potential
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fusion neutron producing facility, as well as for a potential reactor.

Turbulent density fluctuations have been observed in NSTX plasmas in the range of wave
numbers k| p. = 0.1-0.4. The large values of k| p;, propagation in the electron drift direction,
and a strong correlation with R/Lz, exclude the ITG mode as the source of turbulence. Ex-
perimental observations and an agreement with numerical results from the linear gyro-kinetic
GS2 code support the conjecture that the observed turbulence is driven by the electron temper-
ature gradient. Flow shear has been shown to affect the ion confinement in the edge of NSTX
plasmas in a manner consistent with £ x B reduction of ITG mode induced transport. Lithium
evaporation has been used to coat the NSTX wall and has been an effective tool in increasing
electron energy confinement, and suppressing ELMs, a key issue for ITER. The success of this
coating technique has led NSTX to pursue a Liquid Lithium Divertor [35] as part of its near
term research plan. Gas puffing experiments have successfully reduced the heat flux to the
NSTX divertor plates, which can reach values of 10MW / m? similar to ITER. n = 3 error field
correction has been combined with n=1 RFA suppression, improving plasma performance mea-
surably on NSTX. Flow shear has been shown to be an important affect in the appearance and
growth of neoclassical tearing modes, clearly distinguished from the effect of rotation alone.
The physics which determines the coupling of HHFW power through the scrape of layer has
been understood to be dominated by surface wave physics. This knowledge has been used to
improve the efficacy and reliability on HHFW heating, and should be very helpful to successful
RF heating experiments on ITER. It is important to note that lithium evaporation has been a
crucial tool for making progress on the understanding of both of these important wave physics
phenomena. Multi-mode fast particle MHD has been observed on NSTX, which operates in the
Super Alfvénic regime. These modes have been modeled and the resultant loss of fast particles
understood quantitatively. The ability to predict the physics of multi-mode Alfvén waves is cru-
cial to ITER and all future burning plasmas experiments. NSTX has demonstrated the ability
couple traditional inductive current ramp to CHI current initiation and shown that plasma per-
formance is similar to that without CHI. Even more important to the ST concept is the ability
to maintain the plasma current in steady-state. NSTX has demonstrated 1) the ability operate
with ; and f; meeting the requirements of ST-CTF and NHTX using equilibria that match the
requirements (K ~ 2.8, A ~ 1.6-1.8). NSTX has also demonstrated a new record non-inductive
current fraction with the increase coming from improved, neutral beam current drive efficiency.
This improved efficiency is a result of operating at lower v*, motivating further research in this
regime. Finally, NSTX has made important contributions to the ITER design review process
in the areas of ELM stabilization using non-axisymmetric fields and in understanding vertical
stability.

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

*This work was supported by the U.S. Department of Energy Grant under contract number DE-AC02-76CH03073.
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