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Negative magnetic shear is found to suppress electron turbulence and improve electron thermal

transport for plasmas in the National Spherical Torus Experiment (NSTX). Sufficiently negative magnetic

shear results in a transition out of a stiff profile regime. Density fluctuation measurements from high-k

microwave scattering are verified to be the electron temperature gradient (ETG) mode by matching

measured rest frequency and linear growth rate to gyrokinetic calculations. Fluctuation suppression under

negligible E� B shear conditions confirm that negative magnetic shear alone is sufficient for ETG

suppression. Measured electron temperature gradients can significantly exceed ETG critical gradients

with ETG mode activity reduced to intermittent bursts, while electron thermal diffusivity improves to

below 0.1 electron gyro-Bohms.
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Understanding and ameliorating anomalous electron
thermal transport is crucial for magnetically confined fu-
sion reactors. In the National Spherical Torus Experiment
(NSTX), electron thermal transport can be the dominant
loss channel when ion temperature gradient microinstabil-
ities are stabilized by strong E� B shear. Previous works
have associated improved confinement with reversed shear,
or negative magnetic shear, s � ðr=qÞdq=dr [1–5]. In this
work, we present evidence that electron temperature gra-
dient (ETG) microinstability suppression by reversed mag-
netic shear is responsible for improving electron thermal
confinement in internal transport barriers (e ITBs).

Two sets of L-mode discharges are used for this study,
both at a toroidal field of 0.55 T. One set of neutral beam
plus high harmonic fast wave (HHFW) rf heated dis-
charges used 1 MA of plasma current while the other
used rf only at 600 kA, with deuterium or helium as the
bulk plasma species in both scenarios. Strong statistical
correlations between kinetic profile features such as the
location of magnetic shear minima and electron tempera-
ture gradient maxima have been reported in [6].

The reduction of high average amplitude high-k activity
to infrequent short-duration bursts improves electron con-
finement in the strongly negative magnetic shear region.
Figures 1(a)–1(c) compare a dischargewith an e ITB during
the reversed-shear phase of the discharge (0.17–0.27 s) to an
identically heated discharge in Figs. 1(d)–1(f) with amono-
tonic q profile. Electron density fluctuations, shown as the
black trace in Figs. 1(a) and 1(d), are measured at electron
gyroscale wave numbers (k?�e � 0:6) by the high-k
collective microwave scattering diagnostic [7,8]. The red
traces with error bars using the right-hand axis in Fig. 1(a)

show that, despite maintaining a normalized inverse elec-
tron temperature gradient scale length above the GS2 calcu-
lated critical ETG value (R=LTe;crit � 18), one observes

only short-duration bursts of high-k fluctuations. The nor-
mal shear plasma in Fig. 1(d), despite reaching a higher
central temperature, does not exceed the ETG critical gra-
dient (R=LTe;crit � 12) due to the onset of sustained high-k

activity near the critical gradient.
The reversed-shear phase of Fig. 1(a) ends with a rapid

collapse of central q due to a short-duration MHD recon-
nection event, triggering a series of high-k bursts and a
simultaneous sharp decrease in R=LTe

. Electron tempera-

ture profiles are shown in Fig. 1(b) with labels correspond-
ing to three times in Fig. 1(a): (1) during the e ITB,
(2) shortly after the current redistribution, and (3) the
reheat period with a monotonic q profile. Although it is
difficult to separate MHD and microturbulence effects in
causing the decline of the central temperature, after tran-
sitioning to normal shear and with no further MHD activ-
ity, only lower temperature gradients are observed at the
same heating power with an increase in the high-k density
fluctuation amplitude.
Mazzucato et al. [9] have previously identified measured

high-k fluctuations as ETG by comparing the gradients for
fluctuation onset against linear stability calculations. Here,
the rest frequency of an active, high-amplitude mode in the
absence of an e ITB has been calculated by fitting peak
amplitude frequencies from a time series of high-k spectra
as a function of plasma toroidal rotation. This method
avoids large uncertainties in k� from ray-tracing calcula-
tions. The rest frequency for a test case was found to
be 630� 50 kHz in the electron direction while GS2
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calculates the rest frequency to be 500� 90 kHz for
matching plasma conditions. The range for the GS2 calcu-
lation accounts for input uncertainties in wave number and
electron temperature gradient. A caveat for this compari-
son is that the rest frequency measurement is made for the
peak amplitude mode, while linear calculations provide
values for the fastest growing mode.

The growth rate of an ETG burst, shown in Fig. 2(b), is
calculated from time derivatives of the mode amplitudes,
shown in Fig. 2(a), by analyzing high-k spectral data at
high time resolution. ETG mode growth occurs at the
electron sound speed time scale, substituting electron for
ion mass, corresponding to a peak growth rate of 400 kHz,
with the mode reaching peak amplitude for this example in
approximately 50 �s. The fastest measured growth rate in
Fig. 2(b), shown as a star in Fig. 2(c), is found to be
consistent with GYRO growth rate calculations at the
same value of R=LTe

and magnetic shear.

Bursts of ETG appear to regulate the electron tempera-
ture gradient even during reversed-shear discharges with
electron transport barriers. Despite being active for only
1.6% of the time during the reversed-shear e ITB period,
ETG bursts appear to limit R=LTe

from reaching higher

values.
The improvement in electron thermal diffusivity be-

tween a negative shear e ITB and typical H-mode confine-
ment as computed by TRANSP is shown in Fig. 3. For the
e-ITB cases where ETG remains low, �e is found to be
reduced over an order of magnitude compared to typical H
modes. This is shown in the strongly negative shear case
(s ¼ �1:6) where �e is found to increase only weakly with
increasing electron temperature gradient above ETG linear
stability. When ETG bursts appear with increased R=LTe

,

the time averaged �e is modestly increased. This is shown
in the (s ¼ �0:6) case where bursts appear when R=LTe
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FIG. 2 (color). (a) Time resolved mode amplitude of an ETG
burst at three frequencies. (b) Growth rate corresponding to
mode amplitudes. (c) GYRO computed growth rates, showing
sensitivities to variations in magnetic shear and R=LTe

. Star

indicates measured growth rate at s ¼ �0:5.
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FIG. 1 (color). A comparison of high-k turbulence between a
reversed-shear (RS) (a)–(c) and normal shear (d)–(f) discharges.
Panels (a) and (d) show as a function of time normalized ~ne=ne
density fluctuations measured by the high-k diagnostic and
normalized inverse electron temperature gradient scale length,
R=LTe

, in red using the right-hand axis. Te profiles in (b) and (e)

are labeled by numbers corresponding to times in (a) and (d) and
shows the measurement region for the high-k fluctuations.
Panels (c) and (f) show q and magnetic shear profiles of interest
for each discharge.
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increases from 6 to 10. As another example, during
the ITB phase in Figs. 1(a)–1(c), �e ¼ 1 m2=s. This result
is consistent with earlier nonlinear simulation results from
Jenko and Dorland [10]. Their nonlinear simulations using
GENE and GS2, although performed for conditions not

matching NSTX, also showed highly reduced ETG trans-
port that was weakly sensitive to R=LTe

above R=LTe;crit at

s ¼ �1:0.
Statistical analysis of a collection of discharges further

supports that ETG plays a role in limiting the electron
temperature gradient. Figure 4 shows that in the zero and
weakly negative magnetic shear regime, defined as smin �
�0:4, the Te profile is stiff, and high-kmeasurements show
that ETG is often continuously active with a high average
amplitude (red closed circles). However, at strongly nega-
tive magnetic shears, smin <�0:4, e-ITB formation is
observed where ETG is suppressed to low amplitudes
(blue open circles) or reduced to short-duration bursts
(green asterisks) at R=LTe

> R=LTe;crit, where the range

of R=LTe;crit determined by GS2 and GYRO is shown as the

horizontal shaded region. R=LTe;crit is found to only weakly

depend on magnetic shear. Typical monotonic, H-mode
core R=LTe

values are shown by the gray vertical band at

zero shear.
Discharges used in Fig. 4 span a substantial range of

plasma parameters independent of magnetic shear. All
profiles included 2 MW of neutral beam heating for mo-
tional Stark effect (MSE) diagnostic measurements, but
some also received rf heating up to 3 MW. Plasma densities
ranged from 1� 1019 � ne � 4� 1019 m�3. Both helium
and deuterium were used as the bulk species with 1:1 �
Zeff � 4. Wall conditions varied with differing amounts of
predeposited lithium and evaporation rates. However, no
direct correlation was found between these parameters and

the formation of transport barriers, although lower density
plasmas favored reversed magnetic shear q profiles.
Significant E�B shear is present for all data in Fig. 4

due to neutral beam injection necessary for MSE measure-
ments. However, Fig. 1 shows high harmonic fast wave
heated discharges with 50 ms beam pulses for diagnostic
purposes. Consequently, for such discharges the measured
E� B shearing rate is zero within uncertainties at the
e-ITB location. While previous results have shown that
ETG behavior can be sensitive to changes in the E�B
shearing rate [11], robust ETG suppression resulting in
confinement improvement has only been observed with
strongly negative magnetic shear.
ETG suppression presented in this work cannot be ex-

plained using linear stability. While R=LTe;crit modestly

increases with increasingly negative shear, this improve-
ment cannot explain the observed R=LTe

values. Any posi-

tive ETG growth rate in Fig. 2(c) should result in saturated
ETG turbulence on submillisecond time scales. Therefore,
magnetic shear must be suppressing ETG turbulent trans-
port by limiting the nonlinear mode amplitude. Recent
simulations show that reverse magnetic shear suppresses
most ETGmodes to low amplitudes, but some linearly sub-
dominant modes with elevatedR=LTe;crit near values seen in

e-ITB cases can grow to amplitudes that cause transport.
Figure 2(c) shows increases in slope for the negative

shear growth rate curves, indicating changes in the fastest
growing mode. Linear extrapolation of the steeper seg-
ments gives values of R=LTe;crit that better correspond to

e-ITB values. Further nonlinear simulation is needed to
determine the interactions and effects of the entire ETG
mode spectrum.

H-Mode, 4MW, smin=0

FIG. 3 (color online). TRANSP calculations shows e ITBs have
low thermal diffusivities that show a weak dependence to in-
creasing electron temperature gradients above R=LTe;crit. Results

are shown for cases with low observed high-k activity at
� ¼ r=a ¼ 0:3 (R ¼ 120 cm).

FIG. 4 (color). Value of profile minimum magnetic shear ver-
sus peak electron temperature gradient. A transition from stiff
profiles to e ITBs is observed at smin � �0:4, coincident with
reductions in average ETG amplitudes. Horizontal shaded region
indicates the range of ETG R=LTe;crit calculated using GS2

simulations for a sampling of discharge conditions spanning
the data set. Gray vertical bar shows typical H-mode conditions.
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Observed electron transport falls within the range
deemed plausible by published ETG simulation results.
In previous works from [5,10,12–14], nonlinear gyroki-
netic simulations including GENE, GS2, GYRO, PG3EQ, GTS,
and GEM have shown significant ETG streamer driven
transport. Because of the strong scaling of the electron
gyro-Bohm with toroidal field, using the definition found
in [14] as �e;GB ¼ ð�e=LTe

Þ�evte, ETG-induced electron

transport on NSTX could be quite large. While bench-
marked simulations from several codes indicate that ETG
can produce transport up to 14�e;GB [14], the electron

transport observed in Figs. 1(d)–1(f) can be accounted
for using only 1–2 electron gyro-Bohms at �e;GB ¼
11 m2=s. Kaye et al. [15] have also reported that the
transport in many NSTX H-mode discharges are within
5–20 electron gyro-Bohms. Using the assumption that all
electron transport is caused by ETG bursts, the transport in
Figs. 1(a)–1(c) of �e ¼ 1 m2=s can be accounted for using
only 3–4�e;GBð17:5 m2=sÞ during the bursts.

It is possible that strong negative shear may be suppress-
ing additional microturbulence. Although improved stabil-
ity for the microtearing mode was cited in [16] as the cause
for confinement improvement in reversed-shear dis-
charges, low-k trapped electron modes and microtearing
modes were found to be stable for the discharge shown in
Figs. 1(a)–1(c). Instead, initial nonlinear simulations show
that multiple high-k electron temperature gradient driven
modes are suppressed at the measured wave numbers by
magnetic shear reversal. Further simulation scans and a
synthetic diagnostic matching the window of k space
measured by the physical instrument are necessary to
understand why bursts are observed, as bursts have so far
not been seen in simulations.

In conclusion, negative magnetic shear allows for a
transition out of the stiff electron temperature profile re-
gime. Reduced ETG fluctuations are measured temporally

and spatially coincident with e ITBs, despite electron
temperature gradients exceeding ETG critical gradients.
Observed electron transport falls within published limits
on ETG-induced transport from benchmarked simulations.
Additional comparisons with synthetically diagnosed non-
linear simulations are necessary to understand the critical
value of magnetic shear, the nonlinear suppression mecha-
nism, and the nature of ETG bursts. These results also
demonstrate the importance of developing current profile
control tools for future devices.
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