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Effect of plasma shaping on performance in the National Spherical Torus
Experimenta…
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The National Spherical Torus Experiment �NSTX� has explored the effects of shaping on plasma
performance as determined by many diverse topics including the stability of global
magnetohydrodynamic �MHD� modes �e.g., ideal external kinks and resistive wall modes�, edge
localized modes �ELMs�, bootstrap current drive, divertor flux expansion, and heat transport.
Improved shaping capability has been crucial to achieving �t�40%. Precise plasma shape control
has been achieved on NSTX using real-time equilibrium reconstruction. NSTX has simultaneously
achieved elongation ��2.8 and triangularity ��0.8. Ideal MHD theory predicts increased stability
at high values of shaping factor S�q95Ip / �aBt�, which has been observed at large values of the
S�37�MA/ �m·T�� on NSTX. The behavior of ELMs is observed to depend on plasma shape. A
description of the ELM regimes attained as shape is varied will be presented. Increased shaping is
predicted to increase the bootstrap fraction at fixed Ip. The achievement of strong shaping has
enabled operation with 1 s pulses with Ip=1 MA, and for 1.6 s for Ip=700 kA. Analysis of the
noninductive current fraction as well as empirical analysis of the achievable plasma pulse length as
elongation is varied will be presented. Data are presented showing a reduction in peak divertor heat
load due to increasing in flux expansion. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2198174�
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I. INTRODUCTION

The spherical torus �ST�1 is currently being studied as a
potential path to the development of fusion energy at reduced
capital cost and as a potential low cost neutron source for
materials testing. In addition, the study of plasmas at low
aspect ratios enables the investigation of plasma physics in
fusion relevant plasma regimes outside the normal opera-
tional parameter space of conventional tokamaks and thereby
expands the range over which the theories that predict
plasma performance can be tested. Reactor studies, such as
the ARIES-ST study,2 have shown that, in order to achieve
the desired high bootstrap current fraction necessary for eco-
nomical operation of an ST, it is required to operate with
strong plasma shaping. Similar studies for neutron sources,
such as the Component Test Facility �CTF�,3 also require
more shaping than has been maintained in steady state in any
existing device. In addition, edge localized modes �ELMs�
are a serious issue for the proposed International Thermo-
nuclear Energy Reactor �ITER� device,4 and the stability of
these modes depends on plasma shape. This paper reports on
efforts made on the National Spherical Torus Experiment
�NSTX� to investigate the performance of plasmas that ap-
proach the shaping requirements of ST conceptual designs
and to investigate the physics of plasma shaping.

II. MACHINE IMPROVEMENTS

In order to better investigate strongly shaped plasmas,
several improvements have been made to the shape control
capabilities of the NSTX.5 �These improvements were re-
quired in order to overcome the difficulties associated with
maintaining shaped plasmas in steady state.� In particular,
changes were made that addressed the need to control the
n=0 vertical instability at high elongation, the need to pro-
vide X-point control at high triangularity, and the ability to
maintain constant shape as well as make fine scale shape
adjustments during a discharge.

The primary method by which vertical instability control

FIG. 1. �Color� Plasma elongation, �=b /a plotted vs normalized internal
inductance, li for each EFIT reconstruction in the NSTX database, filtered
against rapid vertical motion. The data in green is after the control system
latency reduction.
was improved was through a reduction in the latency of the
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control system. The control system on NSTX is a digital
computer based system that acquires 352 channels of data in
real time and controls the magnet power supplies and the
plasma fueling.6,7 The control system latency is the time be-
tween when a disturbance is sensed in the plasma and the
time when corrective action is taken. The mean latency in the
NSTX control system was measured to be 3 ms before the
upgrades were performed. Both hardware and software opti-
mizations were performed �each of which roughly equally
improved the system latency� with a final measured latency
of 0.75 ms. The results of this improvement are summarized
in Fig. 1, which shows the achieved plasma elongation
���b /a, where b is half the vertical extent of the plasma
and a is half of the radial extent� as a function of the nor-
malized internal inductance, li. The dependence of the insta-
bility vertical growth rate on elongation and normalized in-
ternal inductance is well documented �see, e.g., Ref. 8�. Each
point in the figure represents one EFIT9 reconstruction from
the NSTX database. The data has been sorted to remove
plasmas with excessive vertical motion on a time scale typi-
cal of vertical instability on NSTX. The red points in the
figure are from discharges made before the latency reduction,
while the green points are from after the reduction. For fixed
li, the maximum achievable elongation increased by 20%–
30%.

In order to achieve increased plasma triangularity,
����Rtop−Rcent� /a� where Rtop is the major radius of the up-
permost point on the plasma boundary, Rcent is the geometric
center of the plasma, and a is the plasma geometric minor
radius� simultaneous with high �, it was necessary to modify
the poloidal field coil arrangement on NSTX. Figure 2 shows

FIG. 2. �Color� The modification to the PF1A coil on NSTX has allowed
simultaneous achievement of high � and �. The modified coil is shown on
the right, and the original coil is shown on the left. Also shown are two
typical high elongation double null plasmas produced using the different
coils �shot 114465 on the left, 115911 on the right�.
the changes made to the PF1A poloidal field coils, which are
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located at the ends of the central solenoid. The height of the
coil was reduced to �1/2 the original height. This allows
formation of an X point on the inboard side of the plasma
near the top of the vacuum vessel. Also shown in Fig. 2 are
examples of double-null divertor equilibria, one from before
and one from after the PF1A coil upgrade. The change in the
achievable triangularity is apparent.

In addition to these changes, real-time EFIT �rtEFIT�
with isoflux control10 of the plasma boundary has been
implemented on NSTX. rtEFIT was first used on NSTX in
200311 and has been used to control plasmas heated by radio
frequency waves for which accurate control of the gap be-
tween the plasma and the rf antenna is needed. Improve-
ments to the accuracy and speed of the real-time equilibrium
reconstructions have extended the utility of rtEFIT/isoflux
control to the highest performance plasmas on NSTX. In
fact, the longest 1 MA discharge ever run on NSTX was
made using the rtEFIT/isoflux control algorithm. Data from
such a discharge is shown in Fig. 3, which maintains
�t�20% for �flat�2�R. The implementation of rtEFIT has
also enabled several detailed shape variation experiments
that have offered insight in to the behavior of ELMs. These

FIG. 3. �Color� Plot showing the time dependence of current sources in shot
117707. The first frame shows TRANSP calculated values of the noninductive
current drive terms: the bootstrap current, the other pressure gradient driven
currents �the diamagnetic and Pfirsch-Schluter currents�, and the neutral
beam driven current. The next three frames show the total plasma current, �t

as calculated by EFIT, and the total injected neutral beam power.
experiments will be described briefly in Sec. V.
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III. GLOBAL PERFORMANCE IMPROVEMENTS

Two of the major benefits that are associated with in-
creased plasma shaping are an increase in the achievable �t

and increased bootstrap fraction, fbs. The effect of plasma
shaping on �t is presented in Fig. 4, which shows the flattop
averaged �t plotted against the plasma current flattop time
for the same shot. Each point in this plot represents one
NSTX plasma discharge. The data are also sorted by plasma
shaping factor S ��q95Ip / �aBt��MA/ �m·T���, where q95 is
the safety factor on the 95% flux surface with color corre-
sponding to shape factor. As is evident from the figure, in-
creasing the shape factor has increased both pulse length at
fixed �t and �t at fixed pulse length.

To understand the benefit of increased shaping more
fully, we define a figure of merit,

FIG. 4. �Color� Each point in the above plot represents one discharge from
the NSTX database. ��t� is �t averaged over the plasma current flattop and
�flat is the flattop time over which the average is performed. The data is
binned by the plasma shaping factor S�q95Ip / �aBt� �MA/ �m·T�� and bins
are marked with different colors as indicated in the plot legend. There is a
strong correlation between increased shape factor and increased �t and �flat.

FIG. 5. �Color� Each point in the plot above represents one discharge in the
NSTX database. The quantity 	��p�t averaged over the plasma current
flattop is plotted against 1+�2, with � also averaged over the current flattop.
The straight line in the figure is meant to guide the eye as an upper bound
and to show the rough linear relationship between the maximum achievable
�p�t and 1+�2. The red points are from before the control system upgrade

and the green points are from after.
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�sus � fbs�t � Cbs
	��p�t � �Cbs/	���1 + �2�/2��N/2�2,

�1�

where Cbs�0.5 is the coefficient that approximately relates
the bootstrap fraction to 	��p and where use has been made
of an elliptical approximation for the plasma boundary. This
figure of merit, which has been previously identified in
reference,12 has the benefit that it balances the inherent trade-
off between �t and bootstrap fraction �and hence pulse
length� that is apparent in Fig. 4. The approximation above
clearly shows that for fixed plasma elongation � with con-
stant �N, fbs competes directly with �t. To verify experimen-
tally the general scaling of the relationship between approxi-
mate expressions given above, we plot �p�t vs 1+�2 in Fig.
5. We have neglected the � scaling in the above relationship
for the plot, since the NSTX database does not contain a
meaningful variation in inverse aspect ratio. As in Fig. 1, red
points are for time before the control system upgrade and
green is after. The data in Fig. 5 are averaged over the
plasma current flattop, so each point represents one NSTX
discharge. A separate analysis of the validity of the approxi-
mate expression fbs�	��p has been performed using the
TRANSP code with a smaller database and the relationship is

FIG. 6. �Color� Plot showing the time dependence of current sources in shot
116318. The first frame shows TRANSP calculated values of the noninductive
current drive terms: the bootstrap current, the other pressure gradient driven
currents �the diamagnetic and Pfirsch-Schluter currents�, and the neutral
beam driven current. The next three frames show the total plasma current,
�p as calculated by EFIT, and the total injected neutral beam power.
valid within 10%–20%. The deviation between the approxi-
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mation and the TRANSP
13 calculated value of the bootstrap

current can be attributed to the fast particle pressure in the
plasma, which does not contribute to the bootstrap current,
but which does contribute to total pressure.

FIG. 7. Evolution of the central safety factor q�0� for shot 117814, as
determined by equilibrium reconstructions made using internal magnetic
pitch angle measurements from motional Stark effect polarimetry �red�. Also
shown is the predicted evolution of q�0� calculated using the measured Te

and Zeff profiles �black�.

FIG. 8. Calculated unstable n=1 external kink eigenfunction for a typical
equilibrium from shot 117707. The plasma displacement vectors are shown
in the arrows in the upper part of the figure. The lower figure shows the
radial eigenfunction for individual poloidal harmonics for the same
equilibrium.
IP license or copyright, see http://pop.aip.org/pop/copyright.jsp
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IV. LONG PULSE DISCHARGES

As a result of plasma shaping, NSTX has been able to
operate with longer pulse length. In particular, discharges
with pulse lengths of �1.6s have been achieved. This corre-
sponds to �50�E, where �E is the energy confinement time
and, more importantly, to �6�R, where �R��0�NCa2 /6 is
the resistive diffusion time for the first radial moment of the
current profile.14 �NC�2R0�Ip− Inoninductive� / �Vloopa

2�� is the
neoclassical electrical conductivity. These discharges have
high noninductive current fractions of �60%, with �85% of
the noninductive current being due to pressure driven cur-
rents. The noninductive current fraction in this case consists
of the sum of the neutral beam driven current, the bootstrap
current, the diamagnetic current, and the Pfirsch-Schluter
current divided by the total plasma current. Figure 6 shows
the time history of the noninductive current fraction as well
as other plasma parameters for such a long pulse discharge.
The normalized �, �N���taBt / Ip� is calculated to be well
above the no-wall limit of �N�4 for the first 1 s of the
current flattop, until the onset of a large n=1 mode that re-
duces the confinement of both the thermal plasma as well as
the fast ions that heat the plasma. An interesting aspect of
this particular discharge is that the pulse length is determined
by the thermal limits of the toroidal field coil rather than
instabilities or the available flux in the ohmic transformer. In
addition to the very long pulse discharges described in
the preceding paragraph, plasmas with higher current of
Ip=1 MA and hence higher �t�20% have been sustained
for 2�R. These discharges have elevated q�0� for a time that
is long compared to that expected from diffusion calcula-
tions. In particular, shot 117814, shown in Fig. 7, maintained
q�0� elevated above 1 for 700 ms. The figure also shows the
q�0� evolution as calculated by the TRANSP code using the
measured Te and Zeff. The q�0� evolution is taken from equi-
librium reconstructions that include Te and ne from Thomson

FIG. 9. Time history of the calculated growth rate for the eigenmode show
in Fig. 8 for shot 117707. Also shown in the figure is the time history of �t

as calculated by the EFIT code. There is clearly a correlation between the
calculated growth rate and �t. The plasma is calculated to be stable in the
presence of a conformal perfectly conducting wall.
scattering, and J�R� from motional Stark effect polarimetry.
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The relationship of these discharges to the so-called “hybrid
mode” of operation is under investigation.

V. GLOBAL MHD STABILITY

The global n=1 stability of a long pulse discharge has
been analyzed in detail. The PEST code15 has been used to
calculate the ideal MHD stability of discharge number
117707. The plasma is found to be unstable to an n=1 ideal
pressure driven kink instability. The mode eigenfunction is
shown in Fig. 8. As can be seen in the figure, the mode is
global with displacement amplitude largest on the outboard
midplane. The time history of the ideal growth rate is shown
in Fig. 9 along with the time history of the plasma �. The
plasma is stable for times before 0.2 s and then, as the �
rises, becomes unstable remaining so until the discharge
ends. The mode is calculated to be stable in the presence an
ideal conducting wall. Since the plasma is rotating rapidly, it
is reasonable to invoke wall stabilization as the mechanism
for violating the no-wall � limit. The plasma equilibria used
as inputs for the stability calculations were fitted to the mea-
sured pitch angle profile from motional Stark effect measure-
ments, which have been corrected for radial electric field

FIG. 10. �Color� Figure showing the time history of plasma parameters for
shots 112581 from 2004 �black� and shot 117707 from 2005 �red�. Note the
dramatic change in ELM behavior.
measurements using the toroidal velocity as measured by
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charge exchange. In addition, the electron temperature pro-
file, as measured by multipulse, multipoint Thomson scatter-
ing, was used as a constraint on the flux distribution.

VI. ELM CHARACTERISTICS

An important aspect of plasma performance that is asso-
ciated with changes in plasma shaping is the behavior of
ELMs. The ELM characteristics of lower triangularity high
elongation long pulse discharges from the 2004 run �see,
e.g., Ref. 16� were not optimal, in that the ELMS from these
discharges were large and had a measurable impact on the
global energy confinement time. Long pulse discharges from
2005, which were run using the modified PF1A coils and had
higher triangularity, had substantially improved ELM char-
acteristics. The ELMs were smaller and, as a result, confine-
ment was improved. Figure 10 shows a comparison between
shot 112581 from 2004 and shot 117707 from 2005 demon-
strating this change in ELM regime. Unfortunately, since
there was not a controlled experiment to systematically vary
the plasma boundary in the long-pulse regime, it is difficult
to conclude definitively that the shape changes are respon-

FIG. 11. �Color� Overlay of the plasma boundaries for shots 117424 �black,
lower single null� and 117425 �red, upper single null�.
sible for the change in ELM behavior. Other changes to dis-
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charge conditions, such as the differing beam power or dif-
ferent vessel wall conditions, may also be responsible for the
observed changes.

A systematic experiment was performed to examine the
effect on ELM behavior of changing the divertor configura-
tion from lower single null through balanced double null to
an upper single null. Similar experiments have been per-
formed in the past to look at the H-mode power threshold.17

This change is characterized by the �rsep shape parameter
defined as the distance between the flux surfaces that pass
through the X points as measured at the outboard midplane.
This study was carried out using the rtEFIT/isoflux shape
control algorithm. This experiment demonstrated that small
changes to the plasma boundary can indeed influence the
ELM behavior in a dramatic way. �rsep was systematically

FIG. 12. �Color� The time history of plasma parameters for shots 117424
and 117425 �same shots as in Fig. 11�. The dramatic change in ELM behav-
ior substantially changes the plasma performance. Also plotted is the param-
eter �rsep in millimeters.

FIG. 13. �Color� The peak heat flux vs major radius for three different
divertor configurations: �1� low � lower single null, �2� low � double null,
and �3� high � double null. All three configurations had identical heating

power. The peak heat flux reduces by a factor of �5.
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varied between +2 and −2 mm �positive �rsep corresponds
to an upper single null and negative to lower single null�.
Lower single-null plasmas had substantially smaller ELMs
and exhibited energy confinement times �1.5 times higher
than upper single-null plasmas. The characteristics of these
small ELMs are described in Ref. 18. This change in ELM
behavior was reproducible over several shots. An example of
consecutive shots with otherwise fixed parameters is shown
in Fig. 11. The plasma boundaries are overlaid for compari-
son. Also shown in the Fig. 12 are the time histories of �rsep

as determined from equilibrium reconstructions. Note the
scale of variation is in millimeters. This experiment demon-
strates the power of precise boundary control in creating new
research opportunities, which in turn can offer greater insight
into the physics of ELMs. ELMs have been shown to be a
crucial issue for ITER and other future burning plasma ex-
periments.

VII. DIVERTOR POWER LOADING

Controlling peak heat flux is a critical issue for ITER
and other burning plasma experiments, including potential
future ST experiments. An additional benefit of high triangu-
larity at low aspect ratio is strong divertor flux expansion. In
lower flux expansion regimes, the divertor power loading on
NSTX is similar to that expected for ITER as first shown in
Reference 19. Figure 13 shows the effect of varying plasma
shape on divertor power loading. Each shot in the figure has
identical heating power, but by changing from low triangu-
larity ��0.4 single null to low triangularity double null to
high triangularity ��0.8 double null, the peak heat flux is
successively reduced from �10 to �5 to �2.5 MW/m2.
The ability to study heat flows in varying divertor geometries
is a powerful tool for understanding the impact of flux ex-
pansion on peak heat flux.

VIII. SUMMARY

As expected, plasma shape has had a substantial impact
on plasma performance on NSTX. The topics discussed in
the current paper, namely � limits, plasma pulse length,
Downloaded 14 Aug 2006 to 198.35.3.83. Redistribution subject to A
bootstrap current fraction, ELM behavior, and divertor power
loading, are just a subset of the important physics issues that
are affected by the shape of the plasma boundary. Boundary
shape control has the distinct benefit of being an existing
field of study with precise tools and detailed theories avail-
able to compare to experiment. Understanding the effect of
plasma shaping in regimes that have not yet been explored
represents a prime opportunity to validate and expand the
utility of these theories in ways that are not possible in con-
ventional operational regimes.
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