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Electron transport is rapid in most National Spherical Torus Experiment, M. Ono et al., Nucl. Fusion
40, 557 �2000� beam heated plasmas. A regime of improved electron confinement is nevertheless
observed in low density L-mode �“low-confinement”� discharges heated by early beam injection.
Experiments were performed in this regime to study the role of the current profile on thermal
transport. Variations in the magnetic shear profile were produced by changing the current ramp rate
and onset of neutral beam heating. An increased electron temperature gradient and local minimum
in the electron thermal diffusivity were observed at early times in plasmas with the fastest current
ramp and earliest beam injection. In addition, an increased ion temperature gradient associated with
a region of reduced ion transport is observed at slightly larger radii. Ultrasoft x-ray measurements
of double-tearing magnetohydrodynamic activity, together with current diffusion calculations, point
to the existence of negative magnetic shear in the core of these plasmas. Discharges with slower
current ramp and delayed beam onset, which are estimated to have more monotonic q-profiles, do
not exhibit regions of reduced transport. The results are discussed in the light of the initial linear
microstability assessment of these plasmas, which suggests that the growth rate of all instabilities,
including microtearing modes, can be reduced by negative or low magnetic shear in the temperature
gradient region. Several puzzles arising from the present experiments are also highlighted. © 2006
American Institute of Physics. �DOI: 10.1063/1.2355664�
I. INTRODUCTION

An understanding of ion thermal transport in tokamaks
based on the interplay among ion gyroscale drift instabilities,
E�B velocity shear, and magnetic shear has been theoreti-
cally and experimentally consolidated in recent years.1–4 An
overview of the role of sheared E�B flow in turbulence
suppression can be found in Ref. 2, while a recent overview
of the role of negative magnetic shear in the formation of
transport barriers can be found in Ref. 3. The control and
sustainment of such barriers is discussed in Ref. 4.

Developing a similar understanding of electron thermal
transport remains, however, a major challenge for all toroidal
confinement devices.1–3 One reason for this is that, starting

from electron gyroscale instabilities, highly nonlinear pro-
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cesses need to be invoked in order to explain the electron
heat diffusivity observed in experiments.

Due to its low aspect ratio, high beta, and low toroidal
field, transport in the spherical torus �ST� was predicted to be
different from that in the large-aspect-ratio tokamak.5 Early
linear microstability calculations indicated that the large
E�B shear achievable at low field should facilitate suppres-
sion of ion anomalous transport.6 This prediction was sup-
ported by initial observations of ion thermal and particle
transport near neoclassical levels in the National Spherical
Torus Experiment �NSTX, Ref. 7� at Princeton and in the
Mega-Ampère Spherical Tokamak �MAST� at Culham.8–12

On the other hand, the calculations also suggested the possi-

bility that at high beta, magnetic instabilities such as mi-
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crotearing modes,6,13 could preferentially increase the elec-
tron thermal losses and indeed, the electron thermal transport
rates reported thus far, exceed the ion ones for most dis-
charge scenarios.8–12

The picture of transport dominated by electrons in neu-
tral beam heated NSTX plasmas is illustrated for intermedi-
ate density and beta L-mode �“low-confinement”� discharges
��ne��4�1013 cm−3, Pbeam=1.8 MW, ��15% at t�0.4 s�,
in Fig. 1. As seen, the core ion temperature Ti exceeds the
electron temperature Te by up to 50%, although the beams
preferentially heat the electrons relative to the ions by a 2:1
ratio.8 This is reflected in the electron thermal diffusivity, �e,
being in the �5–15 m2/s range throughout the plasma and
significantly exceeding the ion thermal diffusivity �i. �The
comparison is restricted to the radial region 0.2�r / a�0.8,

FIG. 1. Plasma profiles and thermal diffusivities in intermediate density
L-mode �1 MA, 4.5 kG, Pbeam=1.8 MW, ��15%�. Also shown the neo-
classical diffusivity �i

NC computed by the NCLASS code and the measured and
NCLASS computed neon diffusivity �Ref. 9�. The band of values indicates the
variability in the TRANSP diffusivity calculation over a 20 ms interval.
where the uncertainty in the inferred transport coefficients is
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low.8� On the other hand, over a broad plasma region the ion
diffusivity falls in the range of the neoclassical diffusivity
�i

NC�1 m2/s, as computed by the NCLASS code.14 High
plasma rotation velocities also point to momentum diffusiv-
ity below �1 m2/s.8 Although the NCLASS calculations do
not take into account possible finite orbit enhancements to
the neoclassical diffusivity, by up to a factor of �2,15 this
suggests that anomalous ion transport must be suppressed in
these strongly rotating plasmas. An additional indication for
the suppression of long-wavelength turbulence comes from
perturbative impurity transport measurements, which show
that the diffusivity of injected neon is comparable to the
NCLASS neoclassical prediction of �1 m2/s. Such low par-
ticle diffusivity suggests very low growth rates for long-
wavelength instabilities, as discussed in Ref. 9. Comparable
trends are observed in high power and density NSTX
H-modes �“high-confinement”�8 and in MAST dis-
charges.10,11 This transport ordering is in contrast with the
typical large-aspect-ratio tokamak picture, where in L-modes
the ion transport is well above neoclassical and �e is compa-
rable to �i.

The question therefore arises as to whether the rapid
electron transport is intrinsic to the ST or if there are ways to
reduce it. A tool often used successfully to reduce electron
transport in large-aspect-ratio tokamaks is creating a region
of negative magnetic shear.1,3 A systematic study of the ef-
fects of the magnetic shear on thermal transport has therefore
been carried out at NSTX. The present paper reports the first
experimental results from this study.

II. EXPERIMENTS ON ELECTRON TRANSPORT
REDUCTION

In order to study the effects of changes in the magnetic
shear, plasmas are compared with different magnetic shear
profiles, but with other parameters potentially important for
thermal transport, as similar as possible. Such critical param-
eters include the E�B shear �largely determined by the to-
roidal rotation profile in NSTX L-modes9�, �, the density
profile, and the Ti /Te ratio.1 In addition, the discharges were
designed to be as free as possible of magnetohydrodynamic
�MHD� activity, such as low-n tearing modes or internal re-
connection events, for a transport relevant comparison to be
made.

Low density ��ne��2�1013 cm−3�, neutral beam heated
L-mode discharges were chosen for this study, because the
large power input per particle enabled better heating of the
core electrons, slowing down of the current diffusion and
eventual reversal of the q-profile. In order to vary the mag-
netic shear, the plasma current ramp-rate and beam timing
were varied, while keeping the beam power fixed at 2 MW.
Double-null diverted discharges having 1 MA current,
0.45 T toroidal field, elongation ��1.8–2, and average tri-
angularity ��0.6–0.7 were used as a baseline. Experiments
of internal barrier formation in low density L-mode dis-
charges have also been performed at MAST.16

In Fig. 2 the time histories obtained at low density with
fast current ramp and early beam injection �solid lines, shot

#112989, 6.5 MA/s, tbeam,on�0.05 s� are compared with
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those obtained with slow current ramp and late beam injec-
tion �dotted lines, shot #112996, 4 MA/s, tbeam,on�0.12 s�.
The time histories of line-averaged density are comparable,
while in both cases Te0 increases to �1.5 keV after
0.12–0.15 s of beam heating. The sudden change in the Te0

trace occurring in both plasmas after the initial rise �near
t�0.22 s in the fast ramp case and t�0.26 s in the slow
ramp case� is associated with larger reconnection, or trans-
port events. Before these times, the ultrasoft x-ray �USXR�
data indicate that in both cases the plasma core is free from
large reconnection events, although a small off-axis recon-
nection is identified in the fast ramp shot #112989 around
0.182 s. In addition, shortly before the large reconnection at
t�0.22 s in the same plasma, a 2/1 mode is indicated by the
USXR and magnetic data, localized inside r /a�0.4.

The traces of the central toroidal velocities are also
shown in Fig. 2. As seen, before t�0.22 s in the fast ramp
case and before t�0.26 s in the slow ramp case, the rotation
velocities become comparable. In the following discussion,
the points t1�0.19 s in the fast ramp case and t2�0.25 s in
the slow ramp case will be used as times of transport com-

FIG. 2. Time histories of plasma current, line averaged electron density,
central electron temperature, and central toroidal velocity, for fast ramp rate
�shot #112989, solid lines� and slow ramp rate �shot #112996, dotted lines�
low density L-mode discharges �1 MA, 0.45 T�. The density is also shown
as a fraction of the Greenwald limit nG �thinner lines�.
parison, since they satisfy both the requirement for similar
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rotation and for absence of low-n MHD activity. The Mirnov
coil data at t1 and t2 show only high-frequency
��80–160 kHz, toroidal Alfvén eigenmodes �TAE� range�,
high-n �3–5 in #112989 and 2–4 in #112996� MHD activity
in both discharges. The spectrum of deuterium beam ener-
getic ions measured by the neutral particle analyzer on
NSTX does not show any MHD-induced ion depletion, due
to either anomalous MHD-induced effects,17 or classical
charge exchange emissivity profile effects.18 Good agree-
ment between the measured neutron rate and that calculated
by the TRANSP code19 also supports the absence of significant
energetic ion loss.

The elongation �, and plasma volume Vp, are relatively
similar for the two discharges. At the times of interest, t1 and
t2, �1=1.75, �2=1.88, Vp1=11.4 m3, Vp2=11.0 m3. The
triangularity �, differs by about 15%; i.e., �1=0.62 and
�2=0.73.

The experimental electron and ion temperature profiles
at the times of interest are shown in Fig. 3. Although the
central values are comparable, the fast ramp case has steeper
gradients in both the electron and ion profiles around mid-
radius. An interesting observation is the flattening of the Te

profile between R�80 cm and R�120 cm �r /a�0.2�, de-
spite the absence of MHD reconnections. Within the uncer-
tainty illustrated by the error bars in Fig. 3, the central Ti

profile appears hollow in the fast ramp case.

FIG. 3. Electron and ion temperature profiles in the fast and slow ramp
cases. The solid lines represent spline fits to the experimental points. Also
shown is the radius of the magnetic axis computed by TRANSP assuming
magnetic diffusion.
While the Ti profile is measured with about 1 cm spac-
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ing, the separation of the points in the Te profile is �6 cm in
the core. It is thus possible that in the fast ramp case the Te

gradient is in reality even stronger than is indicated by the
spline fit to the Thomson scattering points in Fig. 3. This
is suggested by the profiles of the temperature sensitive
�E	1.4 keV� USXR emission obtained with a vertically
viewing diode array.

The spline fit of the Thomson scattering data in Fig. 3
will nevertheless be used as a basis for the present compari-
sons. Figure 4 compares the thermal gradients computed by
the TRANSP code, as well as the flux surface mapped electron
density and toroidal rotation profiles. While the electron and
ion temperature gradients are about twice as large in the fast
ramp case, the rotation profiles are relatively similar in the
two cases, at the two respective times. Both profiles show a
shallow gradient going from the edge to r /a�0.4 �with a
plateau in the fast ramp case� followed by a rapid increase to
high rotation in the inner core region. The appearance of the
rotation plateau in the fast ramp case seems associated with
the growth of the 2/1 mode mentioned above. The electron
density profile also shows a region of increased gradient in
the fast ramp case. The average toroidal beta is �8% in both
cases.

III. INDICATIONS FOR MAGNETIC SHEAR REVERSAL
WITH FAST RAMP

The motional Stark effect �MSE� diagnostic for the mag-
netic field pitch angle was not available in these experiments.
To assess how the magnetic shear changed between the fast
and slow ramp cases, MHD information from USXR and
magnetic data, as well as magnetic diffusion calculations
were used. The layout of the NSTX USXR system is
sketched in Fig. 5, while a detailed description can be found

FIG. 4. TRANSP computed gradients of electron and ion temperature in the
fast and slow ramp cases. Also shown are the electron density and toroidal
rotation profiles.
in Ref. 20 and references therein. Its main characteristic is
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the capability for simultaneous imaging in multiple energy
ranges. Due to the dependence of the plasma emissivity on
the electron temperature, selective imaging of MHD activity
in the core or outer plasma regions, as well as fast “two-
color” measurement of electron temperature perturbations is
possible.20

The analysis of ultrasoft x-ray and magnetic data points
to a broad region of magnetic shear reversal in the fast ramp,
early injection discharges, for which one finds several indi-
cations. First, both at early and late times in these shots, the
high energy, Te sensitive USXR profiles display small, off-
axis sawtooth-like crashes, in which only the outer plasma
emission is involved. Similar MHD behavior was later seen
in plasmas in which the MSE diagnostic was operating, and
indicated negative shear.

Second, at later times, two coherent 1 /1 modes at dis-
tinct radii, indicative of the existence of two q=1 surfaces in
the plasma, were observed to be associated with these
crashes. Intensity plots of the USXR fluctuation amplitude
measured with the upper and lower viewing horizontal arrays
are shown in Fig. 6�a�. The high-frequency noise and the dc
component are subtracted using Singular Value Decomposi-
tion �SVD� and retaining only the first few pairs of singular
values.21 The fluctuation amplitudes in each array are nor-
malized to the central chord dc component. The upper view-
ing array was filtered with 100 
m Be for E	1.4 keV spec-
tral response, while the lower viewing array with 5 
m Be
for E	0.4 keV response. The different energy response con-
fers the two arrays different sensitivity to temperature
perturbations.20 The spatial profile of the power spectrum at
the mode frequency is also plotted as a function of chord
number on the right of the intensity plots in Fig. 6�a�. The
power spectrum is obtained by Fourier analysis of a 1 ms
time block, centered at 377.4 ms. The profile is also normal-
ized to the central chord dc power. The normalized ampli-

FIG. 5. Layout of the NSTX ultrasoft x-ray system �see Ref. 20�. Also
shown are the array and chord labeling used throughout the paper.
tudes in the E	0.4 keV spectrum are lower than in the
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E	1.4 keV one, due to the stronger dc component in the
low energy USXR emission.

A complex oscillation pattern with a fundamental fre-
quency f �20 kHz is seen in Fig. 6�a�. The magnetic fluc-
tuation data in the same time window show only n=1 activ-
ity, at the same frequency. The USXR analysis indicates,
however, that more than one mode is present. First, the inner
perturbation in the lower viewing array shows the character-
istic “half-helix” trajectory of a 1/1 mode �the “half-helix”
arises because only the lower plasma half is imaged�. That
this is a distinct internal mode and not part of a single outer
mode of higher-m, it is also evident from the accompanying
power spectrum profile. The profile exhibits two peaks, with
the inner one having highest amplitude. Since, due to line
integration, the maximum amplitude in the USXR fluctuation
arises approximately in the cord tangent to the perturbation,
the fact that the inner peak has higher amplitude indicates
that a distinct inner mode exists inside the outer one.

The second, outer mode is locked in frequency and
phase with this inner 1 /1 mode. The frequency lock is
consistent with the broad rotation profile in this shot at
t�0.377 s, in which the angular rotation frequencies at the
major radii of the inner and of the outer modes
�R�110 cm and R�123 cm at the outboard side, respec-

FIG. 6. �a� Intensity plots of fluctuations measured by the horizontal arrays
in Fig. 6 in the fast ramp discharge. Two 1/1 modes are measured at differ-
ent radii with different amplitudes, due to the different spectral response.
The mode amplitude is shown on the right. �b� Similar plots, but for two
simulated “island-like” perturbations, rotating on two distinct m=1/n=1
trajectories in shot #112989, on the magnetic flux surfaces computed at t
=377 ms. The characteristic half-helix trajectories of 1 /1 perturbations are
sketched by dashed white lines. The fit to the power spectra in the two
energy ranges obtains with the inner mode carrying predominantly a
ne�nz perturbation and the outer mode predominantly a Te perturbation.
tively� are nearly the same, about 20 kHz. As seen in Fig.
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6�a�, this outer mode is more evident in the higher energy
image, where its associated spectral peak exceeds that of the
inner 1 /1 mode. Due to the fainter signals at higher energy
and to the superposition of the two modes, it is more difficult
in this case to directly assess a poloidal mode number from
the trajectory of the USXR perturbation. However, since the
magnetic data indicates that only n=1 perturbations are
present at this time and since the 2/1 and higher rational
surfaces can be estimated to be too far out in this plasma to
explain the outer mode, this second mode is with high like-
lihood another 1 /1 mode.

To verify this assertion in more detail a numerical simu-
lation was carried out of how two 1/1 modes, rotating at
equal frequency and locked in phase as in Fig. 6�a�, would
look in the USXR data. In this simulation we assumed that
two island-like perturbations, conformal with the magnetic
flux surfaces, follow the q=1 field line trajectory computed
by the magnetic reconstruction. Since only one q=1 surface
obtains from the magnetic data, we simulated two distinct
1 /1 trajectories by compressing and respectively expanding
the �R ,Z� coordinates of the 1/1 field line by a multiplicative
factor of the order of the unity. Each perturbation was as-
signed a central radius, a radial and poloidal extent and a Te

and/or ne�nZ perturbation amplitude. A mild emissivity gra-
dient at the island boundary was also included. The emissiv-
ity perturbations were then superimposed on a background
emissivity, computed using the equilibrium electron density
and temperature measured by Thomson scattering, and the
carbon density measured by charge exchange spectroscopy.
Lastly, the island parameters were fit by matching the experi-
mental and computed radial profiles of the power spectra at
the mode frequency, for both E	0.4 keV and E	1.4 keV.

The results of these “two-color” USXR simulations are
shown in Fig. 6�b�. The best fit is obtained for an outer 1 /1
mode having several cm radial extent and carrying predomi-
nantly a Te perturbation of �20% amplitude and an inner
1 /1 mode having comparable radial extent but carrying a
predominantly ne�nZ perturbation, of similar amplitude.
The different temperature and density perturbations associ-
ated with the two modes are reflected in the different spectral
power profiles obtained in the two energy ranges. Qualitative
agreement is also obtained between the SVD filtered images
of the experimental �Fig. 6�a�� and simulated �Fig. 6�b��
USXR fluctuation patterns.

In conclusion, the USXR data indicate the existence of
two m=1/n=1 perturbations at later times in the fast ramp
case, suggesting the existence of two q=1 surfaces and sub-
stantial shear reversal. Since the reversal survived several
off-axis reconnections, one can surmise that at earlier times
the q-profile must have also been substantially reversed. The
slow ramp discharge on the other hand, does not exhibit the
USXR signatures for substantial shear reversal.

The interpretation of the USXR perturbation pattern in
Fig. 6�a� as indicative of strong shear reversal was later con-
firmed when the MSE diagnostic became operational at
NSTX. An oscillation pattern identical to that in Fig. 6�a�
was consistently observed around t�0.35 s in low density
L-mode discharges in which the q-profile had q�2 on axis

and q�1 at r /a�0.5. Nevertheless, due to coil system
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changes, the fast ramp shot #112989 could not be reproduced
after the MSE diagnostic became operational. TRANSP mod-
eling was therefore used to assess the differences in the cur-
rent distribution between the fast and slow ramp discharges.
Nevertheless, since the USXR assessment of the q-profile is
done at late times, there may be some uncertainty in the
evolution of the TRANSP computed q-profiles, early in the
discharge.

The TRANSP simulations with different mapping options
for the measured plasma profiles �e.g., using either only the
outboard Thomson scattering profiles, or the entire in/out
profiles� consistently indicate a broad region of negative
shear throughout the fast ramp discharge, in agreement with
the assessment from the USXR data. The slow ramp case on
the other hand, has flat or only slightly reversed q-profile.
The safety factor profiles computed by TRANSP at time t1 in
the fast ramp case and time t2 in the slow case, are plotted in
Fig. 7�a�.

IV. TRANSPORT CHANGES WITH Q-PROFILE

The results of the power balance analysis of the two
discharges are shown in Fig. 7�b� and indicate that large
differences in transport are associated with the different
q-profiles. In the fast ramp case a strong reduction in �e is
seen in the region r /a�0.3–0.45, indicative of an electron
internal transport barrier �ITB�. As above mentioned, the
USXR data suggest that the electron gradient might be larger
and therefore the ITB even more pronounced. There is also
a large reduction in �i toward neoclassical values for
r /a=0.4–0.5, indicating an ion ITB as well. In the slow
ramp case on the other hand, �e increases rather monotoni-

FIG. 7. �a� q-profiles computed by TRANSP for the fast and slow ramp cases
assuming magnetic diffusion and the Sauter resistivity model.12 The radial
location of the 2/1 mode measured by the USXR system corroborates the
radius of the q=2 surface computed by TRANSP. �b� Electron and ion thermal
diffusivities computed by TRANSP for the two cases. Also shown, the NCLASS

neoclassical prediction for the ion diffusivity. As above, the bands represent
the 20 ms variability in the TRANSP calculation.
cally from the center outward, while �i stays above several
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m2/s at all radii. The global confinement times also differ,
with �E�70 ms at t1 in the fast ramp case and �E�40 ms at
t2 in the slow ramp case.

The local E�B shearing rates computed by TRANSP

based on the Hahm-Burell formulation22 and using outboard
plasma profiles at times t1 and t2 in the two discharges, are
plotted in Fig. 8. Primarily as a consequence of the similar
rotation profiles, the two plasmas have relatively similar �and
large� E�B shearing rates over much of the radius. Prelimi-
nary calculations with the GTC-NEO neoclassical transport
code, which includes finite orbit width effects,23 give a larger
shearing rate at the ion ITB location than NCLASS. These
calculations do not yet include the impurity species however.

Accepting the TRANSP and USXR indications for shear
reversal with the fast ramp, the above results indicate a posi-
tive correlation between improved electron confinement and
strong �less than �−1.0� negative magnetic shear s, in the
low density NSTX L-modes. Indeed, the location of mini-
mum �e in the fast ramp case approximately coincides with
the region of large negative shear �s�−1.5�. This trend con-
tinues also at later times. The slow ramp plasma with flat, or
only weakly reversed q-profile on the other hand, does not
exhibit the broad electron barrier.

The magnetic shear appears to also have a strong impact
on ion transport. Thus, other conditions being comparable,
the slow ramp shot does not exhibit the pronounced ion ITB
seen in the fast ramp case around r /a=0.4–0.5. In addition,
as above mentioned, the ion ITB consistently appears to be
located at a larger radius than the electron one. Assuming the
TRANSP q-profile evolution, the electron barrier is situated in
the region of large negative shear, while the ion barrier is
rather in the region of low negative shear, near qmin.

FIG. 8. E�B shearing rates computed by NCLASS for the slow and fast ramp
cases at the times used in the transport comparison.
The above observations are further supported by data
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from fast ramp shots, but in which the beam was delayed in
comparison with #112989, in order to allow more rapid cur-
rent penetration and thus a narrower region of shear reversal.
In these cases, �e is still reduced, but at a smaller radius,
which is again coincident with a negative shear region cal-
culated by TRANSP. The ion barrier, although less pro-
nounced, is also at a smaller radius in these plasmas. As
suggested by the vertical array USXR data, the slow ramp
shot #112996 might also represent an extreme case of such a
situation, with a narrow region of negative shear and im-
proved electron confinement close to the axis. This might
eventually explain the �e decrease seen at r /a�0.25 in the
right panel of Fig. 7�b�.

V. MICROSTABILITY ASSESSMENT

To guide the search for the possible mechanisms of
anomalous electron transport in NSTX, linear gyrokinetic
microstability calculations for these plasmas were performed
with the GS2 code.24 Although these calculations are local
�“flux-tube” approximation�, do not account for E�B shear,
and are restricted in their applicability at low magnetic shear,
they can indicate where in the k�i spectrum a strong linear
drive �growth rate� for instability exists for the experimental
plasma gradients. The results25 are summarized in Table I for
radii corresponding to the electron and ion ITB in the fast
ramp case �r /a�0.35 and r /a�0.45, respectively�, as well
as for an outer radius r /a�0.6, where the electron and ion
transport is rapid in both discharges.

There are a few observations that can be made. The first
is that low or negative magnetic shear is predicted to have a
stabilizing effect on all electrostatic instabilities. For in-
stance, at r /a�0.45, the longer-wavelength ion temperature
gradient and trapped electron mode �ITG/TEM� instabilities
are stabilized due to shear changing from +0.7 in the slow
ramp case, to −0.7 in the fast ramp case. This occurs in spite
of the doubled Ti gradient, which is the drive for the insta-
bility, in the faster current ramp case �Fig. 4�.

In addition, the short-wavelength electron temperature
gradient �ETG� instability drive is completely suppressed at
r /a�0.45 and at r /a�0.35 by negative magnetic shear in
the fast ramp case, despite the increased Te gradient. At re-
duced Te gradient s�0 has also a stabilizing effect, as indi-
cated by the absence of ETG drive in the slow ramp case at
r /a�0.35. This trend is more clearly illustrated in Fig. 9,
with GS2 results of a numerical scan of the magnetic shear at

TABLE I. GS2 predicted growth rates for electrosta
ramp discharges, in units of 105 s−1. The magnetic sh

Fast ramp #112989, t1=0.19

r /a=0.35 r /a=0.45 r

ITG/TEM Stable Stable


-tearing
�k�i�1�

0.2 Stable

ETG Stable Stable

s −1.7 −0.7
r /a�0.4 in an intermediate density L-mode discharge. All
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other parameters were kept fixed in these GS2 calculations;
no attempt was made to self-consistently recalculate the
equilibrium for each value of magnetic shear. In particular,
the Te gradient was kept fixed at the experimental value of
�0.027 keV/cm in this scan, which is comparable to the
gradient at mid-radius in the slow ramp case �Fig. 4�. As
seen, increasingly negative shear suppresses the ETG growth
rates, with zero growth rates at s�−0.5.

Another interesting aspect is the prediction of significant
drive for long-wavelength microtearing modes at r /a�0.35
in the slow ramp case. These modes are electromagnetic in-
stabilities driven by the electron temperature gradient and
have associated radial magnetic field perturbations.13,25,26

Such perturbations could, in principle, drive rapid transport
predominantly in the electron channel,6,13 as is observed for
instance in the high density NSTX H-mode8,25 and the inter-
mediate density L-mode in Fig. 1. Recent nonlinear micro-
stability calculations for MAST discharges also indicate a
significant role for microtearing modes.13

In the central region �r /a�0.25� of the slow ramp
plasma no instability drive is computed by GS2, while the
inferred electron transport is still relatively rapid. This may

d electromagnetic instabilities in the fast and slow
, used in the calculations, is also shown.

Slow ramp #112996, t2=0.25 s

.6 r /a=0.35 r /a=0.45 r /a=0.6

Stable 0.6 1.4

e 1.0 Stable Stable

Stable 5.5 8.0

0.03 0.7 2.3

FIG. 9. Growth rates of high k�s ��35� ETG modes calculated by GS2 at
r /a=0.4, as a function of magnetic shear �shot #108213, t�0.29 s�. In the
shaded area the ballooning approximation used in the GS2 calculation is less
tic an
ear s

s

/a=0

1.8

Stabl

8.0

2.3
accurate.
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suggest non-local effects in NSTX transport.27 Global trans-
port codes are under development to address this
possibility.28 Three-dimensional MHD turbulence simula-
tions also show that nonlocal effects may be involved in
tokamak transport.29

Finally, at r /a�0.6, the linear calculations predict in
both plasmas large growth rates for electrostatic instabilities
of all wavelengths. This would appear consistent with the
rapid electron and ion transport inferred for both discharges
at this radius. However, as shown in Fig. 8, due to the strong
toroidal rotation, the estimated local E�B velocity shearing
rates are also rather high throughout most of the plasma, in
both discharges. While our experimental results indicate that
magnetic shear has a clear effect on transport in these plas-
mas, it is difficult to assess the role of the E�B velocity
shear through comparisons with the linear microstability pre-
dictions. Nonlinear calculations incorporating E�B shear
indicate that a large variability may exist in the level of ve-
locity shear needed to suppress turbulence.30 In our case, for
instance, in the slow ramp discharge �i exceeds the neoclas-
sical levels by a substantial factor in the region r /a�0.45,
although the E�B shearing rate is a few times larger than
the predicted ITG-TEM growth rates. It is therefore quite
possible that the transport changes observed in these experi-
ments reflect the interplay between the reduction of instabil-
ity drive by negative magnetic shear and turbulence suppres-
sion by E�B shear. Nonlinear, full-torus gyrokinetic
simulations with the GYRO code30 are underway to assess the
role of E�B shear in these plasmas.

As concerns fluctuation data, density correlation length
measurements performed in these plasmas using microwave
reflectometry show correlation lengths of several cm in the
core of both fast and slow ramp discharges. The fast ramp
case has somewhat shorter correlation lengths and smaller
density fluctuation amplitude, early in time. The interpreta-
tion of the results in terms of turbulent fluctuations is, how-
ever, complicated by the influence of high-frequency �TAE
range� MHD activity.

VI. QUESTIONS FROM THE EXPERIMENTS

While the above experiments indicate a definite correla-
tion between transport and q-profile changes on NSTX, they
also bring some interesting questions. First, the increased
electron and ion temperature gradients in the fast ramp case,
as well as the separation of about ��r /a��0.1 between the
electron and ion ITBs �Fig. 7�b��, are maintained only until
approximately t�0.25 s. At late times, however, the overall
Te, Ti, ne and rotation profiles become very similar in both
discharges. The corresponding transport situation is illus-
trated in Fig. 10�a�, indicating that by t�0.36 s, in the fast
ramp case the electron and ion barriers have relaxed into a
broad region having �e and �i around a few m2/s, while in
the slow ramp case both �e and �i decreased inside the re-
gion r /a�0.7, to create a transport picture very similar to
that in the fast ramp case. The global confinement times are
also similar in this regime ��E�70–75 ms in both discharges

at 0.36 s, reaching a global �E�95–100 ms in the fast ramp
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case at t�0.43 s, or about 2.5 times the tokamak L-mode
scaling�.

As concerns the evolution of the q-profiles, TRANSP

computes that in the fast ramp shot q�r� remains strongly
reversed until late, as shown in Fig. 10�b�. �The appearance
of 1 /1 modes indicates however that qmin is nearer to unity
than computed, likely due to the effect of off-axis sawteeth.�
The strong reversal can be interpreted as the combined effect
of strong current drive and good electron confinement early
on in the discharge. Interestingly, TRANSP indicates that at
late times the magnetic shear begins to reverse also in the
slow ramp case �Fig. 10�b��, where the electron confinement
is initially poor. The magnetic diffusion calculation should be
more accurate in this case, since the slow ramp plasma does
not exhibit any MHD reconnections which could redistribute
the current nondiffusively.

FIG. 10. �a� Electron, ion, and neoclassical diffusivity at t�0.36 s in the
fast ramp discharge �solid lines� and the slow ramp discharge �dotted lines�.
The 20 ms variability is small in this case. �b� TRANSP predicted safety factor
profiles at the same time point �fast ramp case, solid line; slow ramp, dotted
line�.
The main components of the current profile in the slow
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ramp case at t�0.36 s are shown in Fig. 11. As seen, al-
though the off-axis bootstrap current is increasing with time
in these L-modes, the current profile is still largely deter-
mined by the ohmic component and by the approximately
constant, beam driven component. The characteristic time for
the relaxation of the current profile is of the order of
0.2–0.3 s in these plasmas. The “spontaneous” shear rever-
sal in the slow ramp case reflects therefore mainly the slow-
ing down of the ohmic current penetration �current being
continuously driven throughout the discharge�, due to a
steadily increasing core Te �Fig. 2�, correlated with the above
discussed decrease in transport. A question here is therefore
if the transport decrease in the slow ramp case can also be
explained through the buildup of shear reversal, as in a
“slow-motion” version of the fast ramp case.

Another question in these experiments is that at
t�0.26 s in the slow ramp case, the USXR and Thomson
scattering data suggest a spontaneous transition to an im-
proved transport situation. The USXR profiles show a slow
��10 ms� “reconnection-like” event, which broadens the
emissivity profile bringing it closer to that in the fast ramp
case �Fig. 12�a��. After an initial drop, the Thomson tempera-
ture profile also significantly broadens by the end of this
evolution �Fig. 12�b��. Broadening of the C density profile is
also shown by the charge exchange recombination spectros-
copy data. The slow time scale suggests a transport rather
than a MHD effect, possibly indicating a spontaneous tran-
sition to improved electron confinement.

The �e profiles before �t�0.243 s� and after the transi-
tion �t�0.276 s� are shown in Fig. 13, together with the
q-profiles predicted by TRANSP. During this transition the
thermal electron transport decreases by 30%–40% outside

FIG. 11. Main components of the current profile in the slow ramp discharge,
at t=0.36 s.
r /a�0.4 and increases by a comparable fraction inside this
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radius. The TRANSP computed q-profile undergoes only a
small change. Spontaneous transport transitions when a low
order rational-q surface comes into the plasma have been
reported from several tokamaks.1 Interestingly, the transition
occurs shortly after the end of the current ramp. Whether
there is a more systematic correlation with certain values of
the safety factor, or rather with the reduction in the current
drive also remains to be investigated.

In addition, it is difficult to explain why at late times in
the low density L-modes �Fig. 10�, while the electron trans-
port is lower than in the intermediate density L-mode �Fig.
1�, the ion transport increases several fold above the neoclas-
sical range. Modeling of the penetration of injected neon as
in Ref. 9 indicates also a similar increase in the impurity
diffusivity in the low density L-modes. This diverges from
the linear microstability assessment, which predicts that for
the situation in Fig. 10 the ITG-TEM growth rates are well
below the E�B shearing rates throughout most of the

FIG. 12. �a� Evolution of the USXR emissivity during slow, reconnection-
like event observed around t�0.26 s in the slow ramp discharge. The emis-
sivity reflects the broadening of the electron temperature, density and impu-
rity density. �b� Temperature profiles measured by Thomson scattering
before and after the event.
plasma.
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Finally, in the central region �r /a�0.25� of the dis-
charges estimated to have negative shear, the Te profile is
flat, while the Ti profile is either flat or hollow �Fig. 3�. Such
flat temperature profiles are also observed in large aspect-
ratio tokamak plasmas having ITBs with strongly reversed
q-profile.1 While large neoclassical transport at low poloidal
field might eventually explain the flat Ti profile, it is not clear
what drives rapid electron transport in the absence of mea-
surable gradients. Furthermore, if the hollow Ti profiles are
not an experimental artifact, this observation raises anew the
possibility of anomalous ion heating in NSTX31 or alter-
nately, that of anomalous heat pinches.

VII. CONCLUSIONS

The present experiments were motivated by the question
as to whether the current profile can directly influence elec-
tron transport on NSTX. To this end, we aimed to produce

FIG. 13. TRANSP computed �e and q-profiles before �t�0.243 s, solid lines�
and after �t�0.276 s, dashed lines� the slow profile change illustrated in
Fig. 12.
discharges with different magnetic shears, while having other
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parameters potentially important for transport, like E�B
shearing rates, Ti /Te ratio, density profiles, collisionality, and
� as much as possible similar. Changing the current ramp-
rate and onset of beam heating in low density L-modes has
made indeed substantial changes in the NSTX electron and
ion transport, as had been also observed in other devices.1

The analysis of USXR and magnetic fluctuations, together
with current diffusion calculations, point to changes in mag-
netic shear as a primary cause for the transport changes, with
strong negative shear being at least a necessary condition for
the creation of electron and ion ITBs. Consistent with the
experiment, the linear microstability analysis predicts strong
suppression of most electron and ion instabilities in condi-
tions of strong negative shear.

More puzzles arise nevertheless from the present experi-
ments. Clearly, measurements of low- and high-k electro-
static and magnetic fluctuations deep in the NSTX core,
compared with predictions of nonlinear electromagnetic cal-
culations are needed to assess the possible roles of electro-
static and microtearing modes in the ST transport. Theoreti-
cal efforts are underway at both NSTX and MAST,13,25,26

while high- and low-k microwave scattering diagnostics are
developed at NSTX to detect density fluctuations. The pos-
sibility of using the fast capability of the MSE diagnostic for
the measurement of core magnetic fluctuations is also being
examined.
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