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Abstract
The National Spherical Torus Experiment (NSTX) produces plasmas with toroidal aspect ratio as low as 1.25, which
can be heated by up to 6 MW high-harmonic fast waves and up to 7 MW of deuterium neutral beam injection. Using
new poloidal field coils, plasmas with cross-section elongation up to 2.7, triangularity 0.8, plasma currents Ip up
to 1.5 MA and normalized currents Ip/aBT up to 7.5 MA/m·T have been achieved. A significant extension of the
plasma pulse length, to 1.5 s at a plasma current of 0.7 MA, has been achieved by exploiting the bootstrap and
NBI-driven currents to reduce the dissipation of poloidal flux. Inductive plasma startup has been supplemented by
coaxial helicity injection (CHI) and the production of persistent current on closed flux surfaces by CHI has now been
demonstrated in NSTX. The plasma response to magnetic field perturbations with toroidal mode numbers n = 1 or
3 and the effects on the plasma rotation have been investigated using three pairs of coils outside the vacuum vessel.
Recent studies of both MHD stability and of transport benefitted from improved diagnostics, including measurements
of the internal poloidal field using the motional Stark effect (MSE). In plasmas with a region of reversed magnetic
shear in the core, now confirmed by the MSE data, improved electron confinement has been observed.

PACS numbers: 52.55.Fa, 52.55.Tn, 52.55.Wq, 52.25.Fi

1. Introduction

The National Spherical Torus Experiment (NSTX) produces
plasmas with toroidal aspect ratio as low as 1.25, which
can be heated by up to 6 MW high-harmonic fast waves
(HHFW) and 7 MW of deuterium neutral beam injection
(NBI). Conducting plates surround the plasma on the outside
to provide stabilization against pressure-driven modes. The
device has been described in [1] and results through 2004 have
been discussed in [2].

In 2005, NSTX completed 18 weeks of operation,
providing data for some 38 separate experiments. The toroidal
field coil, which had undergone refurbishment of its bolted
joints at the conclusion of the 2004 experiments, operated for
about 2500 pulses. At the end of the operating period, the coil

a See appendix for members of the NSTX Research Team.

was run up to 95% of its design rating of 0.6 T (at the nominal
radius of 0.85 m), although the majority of experiments were
conducted with fields up to 0.45 T. Throughout the 2005
operation, the measured resistances of the 72 joints in the coil
remained well within specifications and did not show evidence
of significant deterioration.

Several new capabilities were introduced during 2005.
In particular, recent NSTX experiments have benefitted from
measurements of the internal poloidal field at eight points
along the plasma minor radius using the motional Stark effect
(MSE) on collisionally excited emission from the deuterium
NBI [3]. The successful application of the MSE technique
in the low magnetic field typical of NSTX represents a
major achievement in diagnostic development. The MSE
data are used as constraints in the analysis of the plasma
equilibrium with the EFIT code, which can also include
kinetic profiles, including the electron pressure measured
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Figure 1. Cross-section through NSTX showing the PF1A coils
(circled) and typical plasma configurations available in 2004 (left)
and 2005 (right).

by Thomson scattering and the thermal ion pressure and
toroidal rotation measured by charge-exchange recombination
spectroscopy (CHERS) [4]. In the following sections, some
of the other new capabilities of NSTX will be described
and selected highlights of experimental results will be
presented.

2. Improvements in plasma shaping capability and
the effects on plasma stability

Prior to the 2005 experiments, the two innermost poloidal
field coils at the upper and lower ends of the central solenoid,
known as the PF1A coils, were replaced by an axially shorter
pair further from the midplane to increase plasma shaping,
in particular the capability to produce simultaneously high
elongation, κ , and triangularity, δ, of the plasma cross-section
Plasmas with κ = 2.7 and δav = 0.8 (where δav is the
average of the upper and lower triangularity) have now been
produced at an aspect ratio A = 1.5. The changes in the
coils and representative plasma shapes are shown in figure 1.
Comparisons of the values of κ and δav achieved in 2004
and 2005 are shown in figure 2. The highest value of the
‘shaping factor’ q95Ip/aBT (where q95 is the safety factor at
the 95% normalized flux surface, Ip the plasma current, a the
mid-plane half-width of the cross-section and BT the vacuum
toroidal magnetic field at the plasma geometric centre) reached
37 MA/m·T at a slightly lower aspect ratio A = 1.35 with
κ = 2.3, δ = 0.6 [5]. Plasma currents Ip up to 1.5 MA
have now been achieved. At an applied toroidal field of
0.45 T, the plasma stored energy reached 430 kJ, a record
for NSTX, for a NBI heating power of 7.3 MW. At lower
field, 0.34 T, the toroidal beta, βT, reached 35% in 2005
operation, although maximizing βT was not the major focus
of the experiments in 2005. By ramping down the plasma

Figure 2. Values of the plasma cross-section elongation κ and the
triangularity δav averaged between the upper and lower x-points at
the time of maximum βT for discharges in which βT exceeded 20%.
Data from 2005 with the modified inner PF coils and from previous
years are distinguished.

current during NBI, poloidal-beta, βP, up to 2.1 and Troyon-
normalized beta βN = βT/(Ip/aBT ) up to 7.2 % m ·T MA−1

have been produced, which significantly exceed the ideal
stability limit calculated without wall stabilization.

One result of operating with higher κ and δ simultaneously
was the re-emergence of small, high-frequency ELMs [6] in
H-mode plasmas. Previously, operating at κ > 2.2 with lower
triangularity produced large ELMs, each of which caused a
significant drop in the plasma energy. The small ELMs do not
individually perturb the plasma energy significantly. Despite
this, the enhancement factor of the global energy confinement
time relative to both the ITER-L97 and the ITER-H98pb(y,2)
scalings [7] actually decreased slightly with increasing κ , as
discussed in [8]. The small ELMs are, however, effective in
slowing the rate of density rise, which has enabled a significant
extension in the pulse length achievable at moderate plasma
currents, 0.7–1.0 MA. Figure 3 shows basic waveforms for a
lower single-null divertor (LSND) discharge which extended
to 1.5 s at 0.7 MA; the current was constant for about 4
current-relaxation times. Calculations have been made with
the TRANSP code [9] of the non-inductively driven current in
this plasma assuming classical thermalization of the energetic
ions introduced by NBI; this assumption provides a good match
between the measured and predicted DD fusion neutron rates.
As seen in figure 4, the calculation shows that the non-inductive
components, including the neoclassical bootstrap current [10],
other ∇p terms and the beam-driven current, provide up to
70% of the total current at peak β. Despite the beneficial
effect of the ELMs in slowing the density rise, this discharge
reached the nominal Greenwald density limit (figure 3, bottom
panel). This roughly coincided with a drop in the central
rotation of the plasma, the development of a persistent saturated
n = 1 mode and a drop in β. While this coincidence may
not indicate causality, it does indicate that density control will
be a major issue in the development of even longer H-mode
discharges in NSTX. This discharge did not utilize the full
flux swing available from the transformer but suffered a final

S566



New capabilities and results for NSTX

0

1 Ip (MA), PNB(MW)/10

0

1
VLOOP (V)

0

5
βN (%·m·T/MA)

0.0 0.5 1.0 1.5
Time (s)

116318

0.5

1.0

0.0

ne/ne
<GW>

Figure 3. Waveforms of discharge parameters for the longest
duration 0.7 MA plasma. The bottom panel shows the line-averaged
density normalized to the limit predicted by Greenwald scaling.
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Figure 4. Results of TRANSP analysis for the plasma in figure 3
showing the time evolution of the measured and simulated DD
neutron rates and the components of the total current.

MHD-related collapse at the end of the NBI pulse when the
central safety factor q(0) had reached 1. A small extension
of the pulse length over previous results was also obtained
at a higher plasma current, 1.0 MA, in a double-null divertor
discharge with κ = 2.3, δav = 0.6.

3. Generation of persistent toroidal current by
coaxial helicity injection

Coaxial helicity injection has the potential to initiate toroidal
plasma current in the ST by creating a discharge and injecting
poloidal current from electrodes coaxial with the major axis
in the presence of applied toroidal and appropriate poloidal
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Figure 5. Waveforms for a CHI discharge which produced a
toroidal current of about 50 kA as the injector current returned to
zero. The toroidal current persisted for a further 10 ms.

magnetic fields. Recent experiments in NSTX have aimed to
exploit the technique of ‘transient CHI’ originally developed
in the HIT-II device [11]. The NSTX experiments in 2005
benefitted from several upgrades, including the capability to
inject both the gas and the ECRF (18 GHz) microwave power
for initiating the discharge directly into the chamber below
the CHI electrodes. This reduced the gas needed to create
the discharge, thereby increasing the energy input per particle
and thus the possible temperature of the CHI discharge in
its high-current phase. A fast ‘crowbar’ switch was also
provided for the capacitor bank supply (10–50 mF, 2 kV rated)
so that the injected current could be reduced rapidly once
the CHI discharge had expanded to fill the region available
for plasma inside the vacuum vessel. With these changes, a
clear demonstration was obtained of toroidal plasma current
which persisted on closed magnetic surfaces beyond the end
of the injector current pulse. Figure 5 shows examples of
the discharge waveforms for a shot obtained with a 15 mF
capacitor bank charged to 1.5 kV in which a peak toroidal
plasma current of 120 kA was generated for an injected current
of 1.9 kA, representing a current multiplication factor greater
than 60. When the injector current had decayed to zero
(t ≈ 11 ms), approximately 6.5 kJ of electrical energy had been
dissipated in the plasma circuit. At this time, a toroidal
plasma current of 50 kA was still flowing, which subsequently
decayed on a timescale of about 7 ms. Images of the visible
light emission during this phase showed the formation of a
plasma ring detached from the injector and close to the centre
column. Further details of these results are given in [12].
Future experiments will attempt to maximize the CHI-initiated
current and to couple these discharges both to inductive and
non-inductive current drive.

4. Effects of applied radial field perturbations on
plasma stability and rotation

NSTX routinely operates with normalized-beta above the
stability limit calculated without the stabilizing effect of the
conducting wall, so plasmas are susceptible to the growth of
resistive wall modes (RWM) unless sufficient plasma rotation
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Figure 6. Measurements of the threshold in the applied n = 1 error
field to generate a locked mode in otherwise similar plasmas as the
direction of the applied field was varied. The error-field components
are calculated at the inferred q = 2 surface, located at a normalized
minor radius r/a = 0.6–0.7 at the mode onset.

can be maintained. Non-axisymmetric field perturbations,
both intrinsic and induced by the modes themselves, can
act to slow the rotation induced by the NBI heating in
NSTX and thereby contribute to mode growth. To allow
extended operation near the ideal-wall limits, three pairs of
nearly rectangular coils have been installed on the mid-plane
outside the vacuum vessel to produce radial magnetic field
perturbations. Each coil has an area of about 1.6 m2 and
contains two turns, The diametrically opposite coil pairs are
powered by three power amplifiers, which can drive currents
up to 3 kA at frequencies up to several kilohertz.

The effect of DC perturbations generated by the coils with
toroidal mode number n = 1 on the development of locked
modes was investigated first; the results are summarized in
figure 6. In a series of otherwise similar ohmically heated,
low-density, deuterium, LSND plasmas, the amplitude of the
applied perturbation at the inferred q = 2 surface needed to
trigger a locked mode as a function of its direction, traced out
a circle, suggesting that there is an intrinsic radial error field
perturbation corresponding to the vector from the centre of the
circle to the origin, i.e. about 1.3 G in the conditions of these
discharges.

The response to stationary perturbations with toroidal
mode numbers n = 1 or 3 has also been investigated in initially
rapidly rotating plasmas heated by 6 MW of NBI to βN ≈ 5.
As seen in figure 7, when a small n = 1 perturbation was
applied in the direction to augment the intrinsic error field,
the plasma toroidal rotation (measured by CHERS) collapsed,
starting near the edge but then extending across the profile.
A locked mode then developed and the discharge terminated
earlier than a reference shot with no perturbation. Conversely,
when the applied perturbation counteracted the intrinsic error
field, the rotation collapse was avoided and the high-βN phase
was extended. When a 50 ms long, n = 3 perturbation pulse
was applied to a similar NBI-heated discharge, the plasma
rotation at the edge stopped temporarily but, provided that
a locked mode did not develop while the plasma edge was

stationary, resumed after the perturbation was removed. In this
case, the perturbation of toroidal rotation in the plasma centre,
which did not contain q-surfaces resonant with the applied
n = 3 perturbation, appeared to be damped by neoclassical
toroidal viscosity [13, 14].

5. Use of lithium coating to control recycling from
plasma facing surfaces

The lithium pellet injector [15], first introduced in 2004
[16], has been used to produce changes in the recycling of
hydrogenic species from the plasma contact surfaces, which
contributes to the secular density rise observed in most NBI-
heated plasmas in NSTX. The experiments involved both
plasmas limited on the central column and lower single-
null divertor plasmas; both these contact areas are covered
by carbon tiles. For each configuration, the surface layers
of the plasma contact area were first depleted of deuterium
by a series (∼10) of low-density, ohmically heated, helium
discharges. These were followed by a reference deuterium
discharge with 2 MW of NBI heating. One or two lithium
pellets with masses 1.7–5 mg were then injected into each of
a series (10–20) of helium discharges, to introduce a total
of 24–30 mg of lithium. Spectroscopic data indicated that
the injected lithium was deposited primarily on the surfaces
surrounding the plasma contact area. In both the limiter
and divertor configurations, the first subsequent deuterium
NBI-heated plasma showed a reduction in the volume-average
plasma density during the NBI heating by a factor of about 2
compared with the respective reference discharge before the
lithium deposition. This reduction in density was less on
the next shot and was not evident on the third shot. This is
illustrated for the divertor configuration plasmas in figure 8.
The saturation of the apparent wall pumping can be understood
if the effect occurs through the formation of lithium deuteride
on the surface: the amount of lithium introduced could react
with about 6–9 mg of deuterium and about 3.5 mg of deuterium
was injected on each discharge. The lithium deposition was
repeated for the plasmas limited on the central column, without
any preceding helium-only sequence, and a similar reduction in
density was observed on the first subsequent NBI-heated shot.
The results for the limiter plasmas are similar to the experience
with lithium coating in TFTR [17] and with a liquid-lithium
limiter in CDX-U [18], but these NSTX experiments extend the
potential benefits of lithium surface coating for plasma density
control to divertor plasmas.

6. Effect of modifying the magnetic shear on
electron thermal transport

As previously reported [19], with NBI heating, the confinement
of both the thermal and unthermalized ions is extremely
good in NSTX and, in most operating regimes, the dominant
thermal loss is through the electron channel. However, in
plasmas with a fast initial current ramp which develop a region
of strongly reversed magnetic shear in the core, improved
electron confinement has also been observed [20]. The
creation of reversed shear in these discharges was previously
inferred from the behaviour of perturbations on the soft x-ray
emission profiles, supported by TRANSP modelling of the
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Figure 7. (a) Waveforms for similar discharges with no applied error-field correction and with an n = 1 error field applied in both the
augmenting and cancelling directions with respect to the intrinsic field; (b, c) Profiles of the toroidal rotation frequency (=vφ /2πR measured
by CHERS) at various times as the n = 1 error field is applied in the augmenting (b) and cancelling (c) directions.
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Figure 8. Waveforms of the plasma volume average density (calculated from the Thomson scattering profiles) for a reference NBI-heated
deuterium discharge before deposition of lithium on the plasma contact surfaces, and for the first three similar discharges after depositing
25 mg of lithium in a series of helium ohmically heated plasmas.

current diffusion assuming neoclassical plasma resistivity. The
MSE measurements of the q-profile made this year have
confirmed the inference of reversed shear and also guided
the development of a scenario for obtaining reversed magnetic
shear reliably.

Figure 9(a) shows the waveforms for two successive
discharges with a flattop current of 1 MA but slightly different
initial current ramps and timing of the NBI, while figure 9(b)
shows the resultant q-profiles at t = 0.3 s as determined by the

LRDFIT code using the MSE pitch-angle data as a constraint
on the fit. The production of strongly reversed shear through
a fast current ramp is very sensitive to the MHD mode activity
in the ramp-up phase of the discharge: quite small bursts of
activity detected by the Mirnov coils can be accompanied
by a rapid drop in the central q and result in a profile with
weak negative or near-zero shear in the centre. However, once
established, a strongly reversed-shear profile can be maintained
for up to 0.2 s

S569



M.G. Bell et al

Figure 9. (a) Comparison of discharge waveforms for successive plasmas, the first developing a region of weakly, the second of strongly
reversed shear; (b) q-profiles for the two discharges at t = 0.31 s from analysis of the MSE data with the LRDFIT code.
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Figure 10. (a) Profiles of the plasma temperatures and density for the two discharges in figure 9 at the times of peak plasma energy; (b)
Profiles of the electron thermal diffusivity calculated by TRANSP (the bands indicate the variability of the diffusivity over the time interval
indicated).

A comparison of the profiles of the plasma temperatures
and density is shown in figure 10(a). Although the ion
temperature is very similar in the two discharges, the electron
temperature is significantly higher in the strongly reversed-
shear case, suggesting a reduction in electron thermal transport,
which has been confirmed by TRANSP analysis, again based
on classical thermalization of the fast ions from NBI. The
electron thermal diffusivities calculated by TRANSP for the
two discharges are shown in figure 10(b); a reduction of χe by
a factor 2–4 over the inner 70% of the minor radius is evident.
Adding a modest amount of HHFW heating power, ∼0.7 MW,
launched with balanced k|| ≈ ±7 m−1 produced measurable
electron heating in the central region of a reversed-shear plasma
established with 2 MW of NBI.

7. Summary and plans

With new capabilities and reliable operation of the facility,
NSTX completed a productive period of experiments in 2005
which have extended its operating regime in several directions.
The new inner poloidal field coils have produced plasmas with
simultaneously high κ and δ, resulting in the achievement
of a record plasma stored energy of 430 kJ. Small ELMs are
observed in high-κ , high-δ H-mode plasmas; this regime has
provided a route to extend the pulse length significantly in
NSTX, to 1.5 s at 0.7 MA and 1.0 s at 1.0 MA. Transient CHI
has produced closed flux surfaces carrying a toroidal current up
to about 50 kA. The error-field correction coils have been used
to cancel intrinsic error fields, thereby delaying the growth
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of locked modes and extending the pulse length at high-βN .
Braking of plasma rotation by applied field perturbations has
been demonstrated. Injection of lithium pellets into helium
plasmas has been used to coat the plasma contact surfaces with
lithium, which has then provided edge pumping of deuterium
and plasma density control until the lithium becomes saturated.
The production of reversed shear in plasmas with a fast initial
current ramp has been confirmed by MSE measurements of
the q-profile; these plasmas have shown reductions in electron
thermal transport by a factor of 2–4 compared with similar
discharges with weakly negative or positive shear. It will be
particularly interesting to study this regime with a tangential
microwave scattering diagnostic now being commissioned on
NSTX designed to detect fluctuations with radial wavenumbers
in the range kr = 2–22 cm−1 thought to be important in
producing electron transport.

Following the experiments in 2005, NSTX began an
outage period during which preparations were made to install a
lithium evaporator for coating the plasma contact surfaces with
more copious amounts of lithium than are possible through
pellet injection. Operation of NSTX is planned to resume
early in 2006.
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