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In the National Spherical Torus Experiment �NSTX� �M. Ono et al., Nucl. Fusion 40, 557 �2000��,
plasmas with strongly reversed magnetic shear, s��r /q��dq /dr��0, in the plasma core exhibit a
marked improvement in electron confinement compared to otherwise similar plasmas with positive
or only weakly reversed magnetic shear. The q profile itself is determined by the early evolution of
the plasma current, the plasma cross section, and the neutral-beam heating power. In the region of
shear reversal, the electron thermal diffusivity can be significantly reduced. Detailed experimental
investigation of this phenomenon has been made possible by the successful development of a
motional Stark effect �MSE� polarimetry diagnostic suitable for the low magnetic field in NSTX,
typically 0.35–0.55 T. Measurements of the electron and ion temperature, density, and plasma
toroidal rotation profiles are also available with high spatial and temporal resolution for analysis of
the plasma transport properties. © 2007 American Institute of Physics. �DOI: 10.1063/1.2734124�

I. INTRODUCTION

The economic attractiveness of fusion energy could be
greatly enhanced by improved transport and stability in fu-
sion devices. Magnetic confinement experiments frequently
find cross-field transport to be anomalously high compared
to predictions of neoclassical theory, which attributes the en-
ergy and particle transport to Coulomb collisions alone. This
implies the existence of other sources of transport such as
turbulence or stochastic magnetic surfaces. Several experi-
ments have found regimes of transport with improved con-
finement when there exists in the plasma a region where the
magnetic shear, s��r /q�dq /dr�0. These reversed-shear re-
gimes typically have improved confinement of the ions and
frequently, but not always, improvement of the electron ther-
mal diffusivity.1–5 An understanding of the physics involved
in the ion transport reduction has begun to emerge. Several
theoretical studies have found that a reduction of the drive
for interchange instabilities due to reversed shear can help
stabilize or reduce the growth rate of ion temperature gradi-
ent �ITG� and trapped electron mode �TEM�
microinstabilities.6–8 Even without completely stabilizing the
mode, increased Er�B flow shear causes decorrelation of
the turbulence, resulting in a reduction of thermal
transport,9,10 particularly the ion transport. Several experi-
mental results and supporting theoretical models have sup-
ported this paradigm.11–15 Despite the complexity of the
many contributing and competing effects, including mag-
netic shear, ion to electron temperature ratio, Shafranov shift,

and velocity shear, the computational models have made
good progress at predicting suppression of the transport
driven by ITG and TEM instabilities. NSTX is predicted16 to
be different from that of conventional aspect ratio tokamaks.
With its low aspect ratio, high beta, and low toroidal field,
calculations17 indicate flow shear should facilitate suppres-
sion of ion transport. This has been supported by observa-
tions that the ion transport is often near neoclassical.18 NSTX
is very suitable for studying electron transport in part be-
cause the ions are often near neoclassical and the electron
transport is anomalous. Also, NSTX has a comprehensive set
of profile diagnostics, necessary for doing transport analysis.

Despite the progress with respect to ion transport, devel-
opment of an understanding of the electron thermal transport
still remains a challenge and continues to be a very active
subject of ongoing research, both experimentally and theo-
retically. An understanding of electron heating and transport
is very important because the main heating mechanism in
reactor plasmas will be by the � particles which transfer their
heat mainly to the electrons. One reason for the difficulty of
developing a theoretical understanding of the electron chan-
nel is the nonlinear nature and small scale of the electron
gyroscale instabilities and the large range of scale lengths
needed to address this problem.

Several experiments using predominantly electron heat-
ing have observed regimes of improved electron
confinement.19–29 In these experiments it is believed that re-
versed shear is playing an important role leading to improved
electron confinement. However, local magnetic measure-
ments are lacking in most cases to provide definitive data of
the q profile evolution. Furthermore, in neutral beam heated
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plasmas, the electron thermal diffusivity is often not changed
with reversed shear1,2 and in some cases where it has im-
proved it was affected only over a narrow spatial region near
the qmin radius.30–32 One hypothesis is that the electron tem-
perature gradient �ETG� mode is responsible for the high
electron transport routinely observed. The mode has a short
wavelength and can exist without affecting the ion transport,
consistent with the commonly observed situation in which
�i��e.

In this paper we report on transport measurements in the
low aspect ratio National Spherical Torus Experiment
�NSTX�,18,33 where the electron and ion transport, in neutral
beam heated discharges, show a clear reduction of the elec-
tron thermal diffusivity with reversed shear q profiles and in
some cases both the electron and ion thermal diffusivities are
reduced.

In Sec. II the motional Stark effect collisional induced
fluorescence �MSE-CIF� polarimetry diagnostic, central to
this investigation, is briefly described, as it has several
unique features due to the low magnetic field of NSTX. The
equilibrium reconstruction using the MSE-CIF data is dis-
cussed. Section III has a discussion of the formation and
evolution of the reversed shear discharge including a case
which transitions from reversed shear to one having low cen-
tral shear �flat q profile� in the plasma core due to a magne-
tohydrodynamic �MHD� reconnection event. In Sec. IV the
transport analysis and results will be described and conclu-
sions are in Sec. V.

II. DIAGNOSTICS

NSTX is a low-aspect-ratio spherical torus. The plasmas
used in this study have a low density edge, characteristic of L
mode type discharges with about 2 MW of neutral beam

heating. An extensive set of profile diagnostics is used for
transport analysis, including ion temperature, ion density,
Z-effective, and toroidal flow from the 51-channel charge
exchange recombination spectroscopy �CHERS� diagnostic,
and electron temperature and density from the 20-channel
Thomson scattering. The MHD diagnostics include the
Mirnov coils and soft x-ray detector arrays. The measure-
ments of the q profile are made with the 12-channel motional
Stark effect polarimetry diagnostic based on collisional in-
duced fluorescence �MSE-CIF�.34 NSTX operates at a toroi-
dal magnetic field of 0.35–0.55 T at the plasma center. This
is a significantly lower toroidal magnetic field than for any
previous implementation of MSE-CIF polarimetry. In order
to obtain a strongly polarized emission signal from the Stark
multiplet, a narrow band filter is usually employed to sepa-
rate out a portion of the spectrum. The spectral splitting of
the Stark multiplet of the deuterium Balmer-� line is linearly
proportional to the magnetic field, so for the low magnetic
field of NSTX the filter bandwidth needs to be reduced sub-
stantially. In order to implement the MSE-CIF diagnostic on
NSTX, development was required of a new optical filter to
achieve higher resolution and throughput than was possible
with a conventional interference filter. The filter, based on a
wide-field Lyot birefringence interference filter,35 has
achieved a spectral resolution of 0.058 nm. Each filter chan-
nel receives light from a bundle of 76 fibers that are 1 mm in
diameter. Shown in Fig. 1 is the measured spectrum from
NSTX of Doppler shifted D� emission from collisionally ex-
cited neutrals in the heating beam. For comparison is the
calculated Stark multiplet and its convolution with the mea-
surement function compared to the measured spectrum. A
conventional interference filter with a bandpass of
0.3–0.4 nm would integrate over the entire Stark multiplet
of � and � transitions resulting in a very low polarization
fraction, estimated to be �2%. The narrow-band Lyot filter
can isolate a portion of the spectrum, such as the � lines, to
yield a much higher polarization fraction, measured to be
40%. With the good polarization fraction using the Lyot filter
and large étendue of the optical system, the resulting time
resolution is 5–10 ms with a statistical uncertainty of �0.2°
for the measured magnetic field pitch angle. A plan view of

FIG. 1. �Color online� Measured spectrum from the NSTX of Doppler
shifter D� emission from the heating beam. Comparison of the calculated
Stark multiplet and its convolution is compared to the measured spectra.

FIG. 2. �Color online� Plan view of MSE-CIF layout on NSTX.
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the MSE-CIF diagnostic on the NSTX is shown in Fig. 2.
The filter is tuned to select the emission from just one of the
neutral beam sources which have different Doppler shifts due
to the different injection angles. There is no interference
from the other neutral beam sources, so MSE measurements
are not constrained. The MSE-CIF system presently has 12
sight lines operating out of a possible 19, covering from the
magnetic axis to the outboard edge, with a spatial resolution
of 2–3 cm.

The magnetic field pitch angle from the MSE-CIF diag-
nostic, along with the external coil currents, magnetic field
coils, and flux loop measurements are input into the free
boundary LRDFIT equilibrium reconstruction code. LRDFIT

includes a circuit model of the eddy currents in the vacuum
vessel that has been validated by experiments. The recon-
struction includes a Te isosurface constraint and toroidal ro-
tation effects. The MSE-CIF data is affected by intrinsic ra-
dial electric fields in the plasma.36 The data are corrected for
the radial electric field, Er, due to the measured toroidal ro-
tation and pressure gradients terms in the radial force balance
shown in Eq. �1� using the CHERS data. Er is given by the
radial force balance equation,

Er =
1

niZie
� Pi − v�iB	 + v	iB� �1�

where Pi is the ion pressure, ni is the ion number density, Zie
is the ion charge, v�i�v	i� is the poloidal �toroidal� velocity,
and B��B	� is the poloidal �toroidal� magnetic field. The Er

correction does not yet include effects from poloidal flow,
which are expected to be quite small based on neoclassical
theory estimates from NCLASS.37 The poloidal flow calcu-
lated from the NCLASS code is less them 10 km/s across
the plasma profile. Poloidal velocity measurements are avail-
able for the plasma edge region only, where values of
�10 km/s have been measured.38 Based on a poloidal flow
of 10 km/s the effect on the MSE data would amount to less
than a 1% correction. Shown in Fig. 3 is a reconstruction
from LRDFIT of two cases of the pitch angle profile com-
pared to the input MSE-CIF data. The MSE-CIF error bars
are shown in the plot by the size of the symbol. The recon-
struction from LRDFIT has low residuals of �0.3° in the

FIG. 3. �Color online� MSE-CIF data and reconstruction results from LRD-
FIT at two times. �a� Pitch angle at t=0.19 s �dashed line� and t=0.34 s
�solid line� and �b� the corresponding q profiles. The bands on the q profile
represents the variability from LRDFIT.

FIG. 4. �Color online� �a� The plasma current, neutral beam power, �b� peak
electron temperature, and �c� Mirnov coil signals for two discharges. The
solid line corresponds to the discharge with reversed shear �116960� and
dashed line �115821� with a low central shear q profile.
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plasma core, consistent with the MSE-CIF uncertainties. The
magnetic axis, corresponding to the pitch angle going
through 0°, is at R=0.96 m and R=0.97 m for the two times
shown. The bands on the q profile represents the variability
from LRDFIT. The very good fit is indicative of the self
consistency of the MSE-CIF data combined with the Thom-
son scattering and external magnetics data used as con-
straints in the equilibrium reconstruction code. If the data
were not self-consistent the fits and residuals would be quite
large. The bands on the reconstructed q profiles from LRD-
FIT represent the variation of the q profile by varying the
input parameters to LRDFIT.

III. q PROFILE DEVELOPMENT AND EVOLUTION

We have several controls available to vary the startup
and evolution of the current density profile in NSTX. Such
variables as the plasma growth and shape, plasma current
ramp rate, neutral beam timing, and gas fueling have all been
found to have a strong effect on the current profile evolution.
The basic reversed shear development scenario is to create a
large plasma as early as possible during the current ramp up
phase. In this way the resistive diffusion of the current from
the edge is slowed down forming a hollow current profile. In
order to slow the current penetration to the plasma core and
maintain the hollow current profile, early neutral beam heat-
ing is applied to heat the electrons and thereby increase the
conductivity. We have found that without careful control of
the various parameters such as the current ramp rate and
neutral beam timing, MHD instability can occur that causes
reconnection and a very rapid current redistribution. How-
ever, with the MSE-CIF diagnostic to monitor the effects of
MHD activity, the plasma evolution can be optimized to pro-
duce the desired results. Figure 4 shows the waveforms for
the current ramp-up, neutral beam timing, and the peak elec-
tron temperature for two cases, having the same growth and

FIG. 5. �Color online� A reversed shear discharge evolution of �a� q�0�
�solid line�, qmin �dashed line�, and �b� Mirnov coil data. �c� The q profiles at
0.22 s �dotted line�, 0.28 s �solid line�, and 0.34 s �dashed line� are also
indicated by vertical lines in �a� and �b�.

FIG. 6. �Color online� The �a� q�0� �solid line� and qmin �dashed line� evo-
lution. At 0.235 s q�0� drops precipitously following a MHD event. �b� The
q profiles just before �solid line� and after �dashed line� the MHD event at
0.235 s.
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current ramp up, but different timing for the start of neutral
beam injection. The later start time is our reversed shear
scenario. Shown in Fig. 5 are the q�0�, qmin, MHD evolution,
and q profiles for this case. One neutral beam source, with
2 MW of injected power, is turned on at 0.2 s, just before
q�0� and qmin decrease below 2. Only one source is used to
minimize the MHD present during the discharge. Both q�0�
and qmin decrease as the current slowly penetrates to the
plasma center. As qmin approaches 1, the MHD activity be-
gins to grow, and when qmin reaches 1, the mode locks and
the plasma collapses. Prior to that the MHD signal is very
quiescent.

The case with the earlier start of neutral beam injection
begins with a high q�0� that is strongly reversed, but the
plasma undergoes a MHD-triggered reconnection at t
=0.235 s that flattens the q profile producing a substantial
region of low magnetic shear. The time evolution of q�0�,
qmin, and the MHD activity indicated by the Mirnov coil are
shown in Fig. 6. Prior to a small MHD event at 0.235 s,
q�0�=3.5. The next time slice, at t=0.24, has q�0��2, with
little change in qmin. The MSE-CIF q profiles, in Fig. 6, show
a large difference before and after the MHD reconnection
occurs. After the reconnection event, the q profile is flat in-
side of q=2. Large changes such as this are not predicted by

the classical or neoclassical field diffusion model, and this
emphasizes the need for local measurements of the magnetic
field pitch angle profile to correctly determine the current
density evolution. The parallel current density profile, shown
in Fig. 7, is calculated from the LRDFIT equilibrium recon-
struction code. It is interesting to compare this to the soft
x-ray array diagnostic, shown in Fig. 8. The x-ray data has
been mapped, using the equilibrium from LRDFIT, to the
minor radius. The radii of the x-ray chords correspond to the
location of the peak calculated emission, based on mapping
the electron density, electron temperature, and Z-effective to

FIG. 7. �Color online� �a� Parallel current density profile and �b� q�r /a�
before �solid line� and after �dashed line� reconnection at 0.235 s.

FIG. 8. �Color online� Soft x-ray data with sawtooth-like MHD event at
0.235 s.
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the flux surfaces and calculating the local intensity. The x-ray
data show a sawtooth-like event at 0.235 s. The location
where the parallel current density profiles cross, near r /a
�0.25, correspond closely to the inversion radius of the
x-ray data. Also, the outboard edge of the x-ray data extends
to the location of the qmin radius, that is shown in Fig. 7.

IV. TRANSPORT ANALYSIS

The local transport analysis involves the TRANSP
code39 using all the available kinetic profile data and the
equilibrium from the LRDFIT reconstruction that is con-
strained by the MSE-CIF data. To evaluate the effect of the q
profile and in particular the local magnetic shear, on the
transport, we shall compare two cases: �i� two discharges,
one that remained with a reversed shear q profile and another
that did not; �ii� a discharge that transitions from a reversed
shear q profile to a low central shear q profile. In case �i� the
peak electron temperature, Mirnov coil data, and q�0�−qmin

evolution are shown in Fig. 9 and the q profiles and electron
temperature profiles in Fig. 10. Neither discharge indicated
in Fig. 9 has any appreciable MHD activity at the time of
interest or for some duration before. The reversed shear dis-
charge has a much more peaked electron temperature profile

shown in Fig. 10. The location at which the two temperature
profiles begin to strongly diverge, at 1.25 m, corresponds to
the qmin radius. Outboard of the qmin radius the temperature
profiles are very similar. This is also much the same for the
density profiles. The ion temperature profile shows a similar
behavior for the two cases, as shown in Fig. 11. However,
the toroidal velocity profiles show little difference. The cor-
responding electron and ion thermal diffusivities for these
two discharges are shown in Fig. 12. Representative error
bars for the uncertainties of the thermal diffusivities is shown
in the figure based on an analysis for similar discharges.40

The relative uncertainty is approximately constant across the
profile. The reversed discharge has a lower electron thermal
diffusivity by almost an order of magnitude compared to the
discharge with low central shear. The diffusivity profiles di-
verge strongly inside of r /a�0.4, which corresponds to the
region of the reversed shear as shown in Fig. 13. The ion
transport also shows some improvement in the plasma core,
however the estimated neoclassical value as calculated by
NCLASS �Ref. 37� also decreases. The ion thermal diffusiv-
ity remains near the neoclassical level in the plasma core for
both cases.

As described earlier, some discharges make a transition
from reversed shear to low central shear over a very short
time interval. The evolution of q�0�, qmin, MHD, and the q

FIG. 9. �Color online� Comparison of �a� peak electron temperature evolu-
tion, �b� Mirnov coil data, and �c� q�0�−qmin evolution for reversed shear
discharge �solid line� and low shear discharge �dashed line�.

FIG. 10. �Color online� The �a� q profiles and �b� electron temperature
profiles at times shown at 0.31 �solid line� and 0.26 �dashed line�.
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profile change are shown in Figs. 6 and 7. The electron ther-
mal diffusivity also increases just after the reversed shear
profile changes to low central shear, as shown in Fig. 14.
Like the previous case the change in �e is almost an order of
magnitude and the sharp change in the �e profiles occurs
inboard of the qmin radius. Unlike the previous case, how-
ever, the �i profiles do not change significantly, as shown in
Fig. 14, but neither does the neoclassical level. In this case
also both the reversed shear and low central shear �i profiles
are near or slightly above the calculated neoclassical level in
the plasma core.

Analysis of these profiles has been done with the
GYRO,41 GTC,42 and GS2 �Ref. 43� microstability codes.
The nonlinear GYRO simulations predicts finite growth rates
from ITG/TEM modes with k�
i�1. However these modes
are fully quenched by flow shear across the entire plasma for
both the reversed shear and low shear profiles. These results
are also consistent with calculations done with the GTC code
for ITG modes. This does not explain the higher ion thermal
diffusivity in the outer half of the plasma which is well
above the neoclassical predicted level. A natural candidate
for the electron transport would be the shorter wavelength

FIG. 12. �Color online� The �a� electron thermal diffusivity for the low
central shear �dotted line� and reversed shear �dashed line� cases. �b� Com-
parison of ion thermal diffusivity of the reversed shear �dashed line�, low
central shear �dotted line�, and neoclassical calculations for low central
shear �dashed-dotted line� and reversed shear �solid line�.

FIG. 13. �Color online� q�r /a� for the reversed shear �solid line� and low
central shear �dashed line� discharges.

FIG. 11. �Color online� The �a� ion temperature and �b� toroidal rotation
velocities at 0.315 s for the reversed shear discharge �solid lines� and
0.255 s for the low central shear discharge �dashed line�.
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electron temperature gradient �ETG� turbulence44 or mi-
crotearing modes. For the electron channel, with k�
i�10,
ETG modes are calculated with the GS2 code to be linearly
stable in both discharges. However, this is not the case for
microtearing modes from the GS2 code simulations. These
modes are calculated to be unstable at r /a=0.3 for both the
low shear and reversed shear discharges. However, as shown
in Fig. 15 the reversed shear case has a smaller region at
lower k� that is unstable compared to the low shear case
which has a large region in k� space that is unstable. This is
consistent with our experimental results that shows lower
electron thermal diffusivity with reversed shear. Previous
transport analysis, without q profile measurements, for
NSTX �Ref. 45� also concluded that microtearing modes are
a likely cause of the large electron thermal diffusivity ob-
served. The microtearing modes preferentially drives elec-
tron transport, but can also drive ion energy transport. This
may play a role in the higher than neoclassical ion thermal
diffusivity that is observed in the region r /a�0.5. Further
nonlinear microtearing calculations will be needed to quan-

titatively compare the numerical models to the observed
electron and ion thermal diffusivity profiles.

V. CONCLUSIONS

We have reported results of experiments whose goal was
to generate various q profiles with differing magnetic shear,
as determined by detailed measurements with the MSE-CIF
diagnostic, in order to study the effect of the q profile on
plasma transport. Several cases were produced and analyzed,
ranging from strongly reversed to low magnetic shear. The
correlation between reversed magnetic shear and reduced
electron transport in NSTX has been clearly shown and that
weak shear is not sufficient to cause this decrease in trans-
port. This would rule out the zero-shear gap �ZSG� model46

which attempts to explain the reduction of transport by an
increase in the distance between resonant surfaces in the re-
gion of low shear. If this were the case one would expect the
flat q profile in Fig. 6 to have the better transport, but in fact
it does not. Our results are also not consistent with models
that depend on rational q surfaces and are independent of
shear.28 Several experiments have observed the improvement
only over a narrow region at the qmin radius. However, we
also see the improvement in �e over the region from the qmin

radius to the magnetic axis. In the regime in which we are
operating on NSTX, the ion thermal transport is at or near
the neoclassical level in the plasma core. This is consistent
with calculations of ITG/TEM microinstabilities which indi-
cate that with flow shear they are fully stabilized in the
plasma core. Electron energy transport is well above the neo-
classical level, however, it is significantly improved with re-
versed shear q profiles. The electrons are linearly stable to
ETG modes, but unstable to microtearing modes. The mi-
crotearing modes with the low shear q profile have a wider
range of k� that are unstable and present a possible explana-

FIG. 14. �Color online� The �a� electron thermal diffusivity for the low
central shear �dotted line� and reversed shear �dashed line� of the same
discharge at different times. �b� Comparison of ion thermal diffusivity of the
reversed shear �dashed line�, low central shear �dotted line�, and neoclassical
calculations for low central shear �dashed-dot line� and reversed shear �solid
line�.

FIG. 15. �Color online� The microtearing mode growth rates for the re-
versed shear case �116960 dashed line� and low shear condition �115821
solid line� at r /a=0.3.
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tion to the observed improvement in electron transport with
reversed shear. Further nonlinear microtearing calculations
will be needed to quantitatively understand the measured
electron transport observed in the NSTX.
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