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 The spherical torus [1] has 
been proposed as the fusion core of 
a high-heat flux test facility, 
nuclear component testing facility 
(CTF), or fusion reactor. All of 
these missions require an 
essentially steady state plasma, 
operating with good confinement, 
at high-β, and with strong plasma 
shaping. This paper summarizes 
recent progress in developing 
plasmas in the National Spherical 
Torus Experiment (NSTX) [2] that 
simulate the scenarios for these 
next-step devices. In particular, the 
results of experiments studying the 

characteristis of high-κ (elongation) and high-β 
discharges over a range of plasma currents and 
toroidal fields are summarized. 

 The time history and shapes of two NBI-
heated H-mode discharges produced in these 
experiments are shown in Fig. 1. Discharge 133964 
(red) was designed to have the largest possible non-
inductive fraction, and so was operated at lower 
plasma current (IP=0.7 MA) and higher toroidal field 
(BT=0.48 T). Discharge 135117 (black) was designed 

to operate at a high value of toroidal-beta, with higher plasma current (IP=1.1 MA), but lower 
toroidal field (BT=0.44 T). As is clear from Fig. 1a), both cases operate at high elongation 

Fig. 2: Flat-top average surface 
voltage vs. pulse duration, sorted 

by shaping factor. 

Fig.1: (a) boundary shapes and time-evolution of 
high-κ discharges at two values of normalized 

current. Shown are b) the plasma current, c) βN, d) 
pressure driven current fraction, e) neutral beam 

current fraction, and f) global confinement. 
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(κ~2.6) and triangularity (δ~0.8). The double-null shape increases the shaping parameter S = 
q95aBT/IP [3], improving the global stability, and extrapolates to future devices that will need 
to share power between upper and lower divertors. Values of βN (=aBTβT/Ip in units 
%·m·T/MA) exceeding 5 are achieved in both cases. The density ramps during the discharge, 
so the NBI-driven current is maximized early in the shot, exceeding 30% of the total current, 
while the bootstrap current is largest at the end. These trends somewhat cancel, such that the 
total non-inductive fraction is constant near 65% in the high-βP shot, and near 45% in the 
high-βT case.  The confinement during the flat-top phase was comparable to that from the 
ITER-98 H-mode scaling expression.  

 A key characteristic of these discharges is the strong shaping [4]. This is illustrated, 
for instance in Fig. 2, where the surface voltage, averaged over the duration of the Ip flat-top, 
is plotted as a function of flat-top duration for the entire database of NSTX discharges.  The 
lower current discharge in Fig. 1 appears as the discharge with ~130 mV surface voltage for 
~0.95 s, which is an NSTX record low value for a 
high-β NBI-heated discharge. The points are sorted 
by color against the shape factor S. It is clear that 
the achievement of long-pulses with minimal 
inductive current drive is facilitated by strong 
shaping, due to the both the increased q when the 
plasma is elongated and the increased stability, and 
hence higher achievable beta value, with higher 
triangularity. 

Analysis of the current profile for the 130 mV 
surface voltage discharge is shown in Fig. 3. The current profile in black is reconstructed 
from equilibria including constraints on the current profile provided by MSE data. The 
inductive current profile, indicated in magenta, is calculated from 

€ 

J⋅ B ind =σneo E ⋅ B , 
where 

€ 

σneo  is computed using the Sauter model [5] and

€ 

E ⋅ B  is computed from a time-
sequence of experimental equilibria. The bootstrap current in blue is computed in the 
TRANSP code using the Sauter model. The neutral beam current drive profile in red is 
computed with NUBEAM within TRANSP; no anomalous fast-ion diffusion in used. The 
carbon density profile measured spectroscopically is the only impurity in the calculation. The 
sum total of these current profile constituents, along with the the toroidal component of the 
diamagnetic and Pfirsch-Schlueter currents [6], is shown in green. As has been found 
previously [7], the sum of the individual current profile constituents is in reasonable 
agreement with the reconstructed profile when there is no global MHD activity. The total 
non-inductive current fraction in this case is ~65%. 

Fig. 3: Current profile analysis for 
high-βP shot 133964. 
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The discharges discussed in this paper all 
benefited from solid-lithium coating of the 
graphite PFCs, using the NSTX LIThium 
EvaporatoR (LITER) system [8], which has been 
shown to improve the electron thermal transport 
[9] The thermal confinement across the range of 
IP, BT, Pinj, and ne values is typically 30% higher 
than predicted by the low aspect ratio scalings 
[10] based on discharges with lower-β, lower 
shaping, and without lithium. On the other hand, 
the ITER-98 pb(y,2) expression is a reasonable 
predictor of confinement in these discharges 
without any additional multiplier.  

These high-β discharges are often limited by the development of global MHD modes. 
The achieved βN values are plotted agains the internal inductance li in Fig. 4. All cases in red 
are near or above the n=1 no-wall βN limit, and are maintained against pressure-driven kink 
instabilities by a combination of the nearby passive stabilizers, plasma rotation, and active 
Resistive Wall Mode (RWM) control [11] and Dynamic Error Field Correction [12]. 
However, many dischrages do succumb to an RWM. The βN/li ratios that have been achieved 
are approaching those considered relevant for a ST-based CTF, though the absolute li values 
remain above the level proposed for that device. Calculations with the DCON ideal stability 
code often show a reduced no-wall βN limit compared to the value ~4.2 typical of discharges 
with somewhat larger values of li: for instance, the high-βP discharge in Figs. 1 and 3 has a 
computed no-wall limit of βN~3.5. Lithium conditioning tends to broaden the pressure profile 
[13], which is beneficial for global stability. When the RWM is not present, it is common for 
coupled m/n=1/1+2/1 kink tearing instabilities to grow [14], especially as qmin evolves closer 
to 1. As seen in the black case in Fig. 1 after t = 0.85 s, these modes result in rapid braking of 

the plasma rotation, a substantial degradation in 
global confinement, and, if they stop rotating, H-
mode loss and disruption. It was generally only 
possible to avoid these instabilites in cases with 
lower normalized currents (IN = IP/a·BT < 
3 MA/m·T), and then with only partial success.  

Given the limits imposed by available 
transport and MHD stability, the achieved non-
inductive current fractions are shown in Fig. 5. 
At lower plasma current (~700 kA), non-
inductive current fractions >60% are readily 

Fig. 5: Non-inductive current fractions 
as a function plasma current, as 

calculated by TRANSP. 

Fig. 4: βN vs li, where cyan points are 
from EFIT at the time of peak βN and 
red points are >75 msec averages of 

strongly shaped discharges (data from 
TRANSP).  
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achievable. Further lowering the plasma current is problematic, as the loss beam-ion 
confinement becomes prohibitivly large. Alternative scenarios with reduced plasma current 
and High-Harmonic Fast Wave heating are being developed. Neutral beam current drive from 
beams with larger tangency radii should help achieve fully non-inductive operation in NSTX-
Upgrade [15]. 

The lithium conditioned ELM-free H-mode has many benefits beyond the good 
confinement noted above. For instance, the H-mode threhsold is lowered [16] and the lack of 
ELMs removes a common source of triggers for core MHD [14]. However, ELMs serve the 
important role of flushing impurities from the edge plasma, and lithium-conditioned plasmas 
in NSTX typically suffer from impurity accumulation as time progresses [13]. For instance, 
by the end of the discharge, the plasmas shown in Fig.1 typically have ~1/2 of their electrons 
from carbon atoms, and radiate power can reach 1/2 the input power. Finding ways to control 
this impurity evolution while maintaining the high-performance state, such as ELM-triggering 
[17], inducing partial divertor detachment [18], development of alternative H-mode regimes 
[19] or use of advanced divertor geometry such as the “snowflake” [20], are all areas of 
research in NSTX. 

In summary, NSTX has over the last year accessed plasma regimes with high-β & -κ 
over a range of normalized currents. These plasmas have peak non-inductive fractions up to 
70%, with global confinement comparable to conventional aspect-ratio H-mode scaling. 
While cases at reduced normalized current can be stable to both internal kink/tearing modes 
and RWMs, the higher normalized current cases often succumb to these instabilities. 
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