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In the National Spherical Torus Experiment �M. Ono et al., Nucl. Fusion 41, 1435 �2001��, internal

transport barriers �ITBs� are observed in reversed �negative� shear discharges where diffusivities for

electron and ion thermal channels and momentum are reduced. While neutral beam heating can

produce ITBs in both electron and ion channels, high harmonic fast wave heating can also produce

electron ITBs �e-ITBs� under reversed magnetic shear conditions without momentum input.

Interestingly, the location of the e-ITB does not necessarily match that of the ion ITB �i-ITB�. The

e-ITB location correlates best with the magnetic shear minima location determined by motional

Stark effect constrained equilibria, whereas the i-ITB location better correlates with the location of

maximum E�B shearing rate. Measured electron temperature gradients in the e-ITB can exceed

critical gradients for the onset of electron thermal gradient microinstabilities calculated by linear

gyrokinetic codes. A high-k microwave scattering diagnostic shows locally reduced density

fluctuations at wave numbers characteristic of electron turbulence for discharges with strongly

negative magnetic shear versus weakly negative or positive magnetic shear. Reductions in

fluctuation amplitude are found to be correlated with the local value of magnetic shear. These results

are consistent with nonlinear gyrokinetic simulations predicting a reduction in electron turbulence

under negative magnetic shear conditions despite exceeding critical gradients. © 2009 American

Institute of Physics. �DOI: 10.1063/1.3129163�

I. INTRODUCTION

Understanding the underlying mechanisms that lead to

improved plasma confinement in internal transport barriers

�ITBs� has been a continuous topic of interest in magnetic

fusion research, because ITBs have the potential to become a

powerful tool much like the H-mode edge transport barriers.

Improved confinement resulting from ITBs has been previ-

ously reported on many tokamaks, with a multimachine re-

view found in Ref. 1 and also more recently in a spherical

torus.
2

Here we report on measurements of ITBs in the

National Spherical Torus Experiment �NSTX�, where im-

proved confinement for reversed shear plasmas is observed

simultaneously in the electron and ion thermal channels, as

well as in toroidal momentum. Calculated thermal diffusivi-

ties inside the steep gradient region of the ITBs can reach

similar values on NSTX as found on devices operating at

much higher magnetic fields.

Due to the large momentum input from neutral beam

injection �NBI�, ion transport on NSTX can be reduced to

neoclassical values, consistent with the existing understand-

ing that ion temperature gradient �ITG� microinstability in-

duced transport can be quenched with sufficient E�B flow

shear. However, this stabilization does not seem to also ef-

fectively suppress transport in the electron channel, resulting

in a dominant loss channel through the electrons. In the cur-

rent work, we explore a new regime of electron confinement

where electron temperature profiles are no longer stiff at suf-

ficiently negative magnetic shear. After a general description

of the plasmas used in this work, we begin by examining the

kinetic profiles of the ITBs followed by a statistical analysis

of key profile features. Local electron scale fluctuations in-

side the ITBs will be examined and the experimental results

will be compared with gyrokinetic simulations.

II. PLASMA DESCRIPTION

Plasmas discussed in this work were all performed at

0.55 T, with 1 MA of plasma current, using a combination

of NBI and high harmonic fast wave �HHFW� radio fre-

quency heating.
3,4

The L-mode discharges can display a

large range of shear reversal, or negative magnetic shear

s��r /q�dq /dr, during the early portion of the discharge.

Figure 1 shows the time evolution of such an ITB discharge,

in which an early period of reversed shear, indicated by the

elevated q0-qmin, accompanies a rapid rise in the core elec-

tron and ion temperatures, until MHD activity causes the

current to redistribute on a timescale much faster than the

current relaxation time. The q and toroidal current profiles

during and after the ITB phase are shown in Fig. 2. The

plasma most often continues with a weakly reversed shear or

monotonic q-profile, during which the electron confinement
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is degraded relative to the shear reversal period, but the ion

confinement does not necessarily degrade as significantly.

III. PROFILE MEASUREMENTS

A number of diagnostics on NSTX allow for detailed

profile measurements. Shown using the left hand axis in Fig.

3 are kinetic profiles from the same plasma as in Fig. 1. The

electron temperature and density, Te and ne, are measured

using a 30 channel, 60 Hz Thomson scattering system.
5

Ion

temperature Ti and toroidal velocity v� are measured using

the 51 channel charge exchange recombination spectroscopy

�CHERS� �Ref. 6� with 10 ms time resolution. The q-profile

is reconstructed using LRDFIT, a free boundary Grad–

Shafranov equilibrium reconstruction code that models

vacuum vessel eddy currents and makes use of magnetics,

electron temperature isothermal flux surfaces, rotation, and

Er corrected pitch angles from a 16 channel motional Stark

effect �MSE� �Ref. 7� system with 10 ms time resolution.

Normalized inverse gradient scale lengths,

R /LX�−�R /X��dX /dr�, where R is the major radius, are cal-

culated from �2 minimized fits to the profile data with spline

or tanh functions. Figure 3 shows the normalized inverse

gradient scale lengths using the right hand axis. ITB profiles

show peaked gradients in the core plasma in the electron and

ion temperatures and also in toroidal velocity, while the elec-

tron density gradient does not show a dramatic increase with

ITB formation. Note that for negative shear q-profiles smin,

the profile magnetic shear minima are negative quantities,

while monotonic q-profiles have smin=0. Figure 3 demon-

strates that peak gradients do not necessarily occur at the

same radial location.

To separate the electron and ion thermal transport chan-

nels and subsequently discuss the differences between trans-

port barrier locations for each channel, it is necessary that the

ion-electron coupling be weak relative to the thermal trans-

port in each individual channel. This is generally true for the

ITB discharges discussed here, where due to the low densi-

ties, the ion-electron power exchange is about an order of

magnitude below the power transported in either ion or elec-

tron channels.

Comparing the location of profile features requires radial

alignment cross calibration between the profile instruments.

In addition to extensive invessel spatial calibrations, CHERS

and Thomson scattering radial alignment has been checked

using high density H-mode pedestals, where the alignment of

the edge pedestal position is observed to agree to within a

centimeter.
8

The MSE system in turn shares an optical sys-

tem with the CHERS diagnostic and therefore no systematic

offsets are expected between these diagnostics.

A. qmin and rational q values

Statistical analysis was carried out for a database of over

500 kinetic profiles from over 80 discharges for the value

and location of profile features. We begin with a discussion

of the relationship between qmin and the ITBs.

The location of smin and the ITBs, defined as the radius

of peak R /LTe
�e-ITB� and R /LTi

�i-ITB� appears on average

9 cm away from qmin, shown as histograms of the occurrence

fraction within the database in Fig. 4. The q values at the

ITBs do not favor any particular rational value of q and

(a)

q profileq profile

(b)

FIG. 2. �Color online� �a� q and �b� current density profiles during and after

the reversed shear period.

(a)

(b)

(d)

(c)

FIG. 1. �Color online� Time evolution of an initially strongly reversed shear

plasma displaying an e-ITB until the current redistribution event shown by

the MHD trace. �a� Plasma current and heating waveforms, �b� core electron

and ion temperatures, �c� elevated q0-qmin indicates reversed shear condi-

tions, and �d� MHD activity. Dashed lines in �a� correspond to times in

Fig. 2.
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occur over a range, as seen in Fig. 5. The lack of correlation

to rational q values at the transport barriers and the large

spatial separation between qmin and the ITBs suggests that

these are not key factors for NSTX ITBs.

IV. ION TRANSPORT BARRIER

Ion transport in i-ITBs appears consistent with the gen-

eral understanding that ITG microturbulence induced trans-

port can be suppressed with sufficient E�B shear.
9–13

Figure

6 shows a trend of increasing peak R /LTi
with increasing

peak R /L
v�

, as the toroidal velocity typically provides the

largest contribution in the radial force balance equation,

Er =
1

Zieni

� Pi − v�iB� + v�iB�, �1�

where Zie, ni, and Pi are the ion charge, density, and pres-

sure, and v and B are the velocity and magnetic field in the

toroidal ��� and poloidal ��� directions. The large scatter

shows that despite stabilization of ion gyroscale modes, the

ITG is coupled to other factors such as electron transport.

The location of the i-ITB is also well correlated with the

location of maximum E�B shear. Figure 7 shows that the

i-ITB statistically occurs most frequently within approxi-

mately 3 cm of the peak E�B shear position, but with a

higher tendency for the i-ITB to occur outboard from the

location of peak E�B. The reason for this assymmetry is

not clear. For the calculation of the E�B shearing rate, the

poloidal velocity contribution was neglected due to the lack

of calibrated poloidal velocity measurements. This should

not effect the results due to the fact that poloidal flows and

their gradients are expected to be small in the core, based on

neoclassical calculations from NCLASS.
14

Linear gyrokinetic

simulations
15

show ion gyroscale modes to be stable in ITB

profiles.

(b)

(a)

(c)

(d)

(e)

FIG. 3. �Color online� Kinetic profiles of an ITB. Using the left hand axes

are �a� q �b� electron density, ne �c� electron temperature, Te �d� ion tem-

perature Ti, and �e� toroidal velocity v�. Using the right hand axes are �a�

magnetic shear, and ��b�–�e�� the normalized inverse gradient scale lengths.

Vertical dashed lines indicate radial positions of interest for qmin, smin, and

peak normalized inverse gradient scale lengths.

FIG. 4. �Color online� Distribution of radial separation between qmin and �a�

smin, for all profiles and e-ITB profiles, �b� the e-ITB �c� the i-ITB. Positive

separations indicate that qmin occurs radially further outboard.
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V. ELECTRON TRANSPORT BARRIER

From the profiles shown in Fig. 3, one can see that the

e-ITB does not necessarily occur at the i-ITB location. The

location of the e-ITB best correlates with the location of

minimum magnetic shear. Figure 8 shows the radius of the

e-ITBs versus the radius of smin and a histogram of their

separation distance. The e-ITB occurs almost exclusively at

smin or a few centimeters inboard. Overlaid in the same fig-

ure, one can see the separation between the i-ITB and smin is

in the opposite direction, with the i-ITB occurring mostly

outboard of the smin location, and better correlated with the

location of the peak of the E�B shearing rate. These results

are consistent with the general understanding that E�B

shear can effectively suppress ITG induced ion turbulence,

but that magnetic shear plays a more important role in elec-

tron transport suppression.

The transition out of the stiff Te profile regime due to

sufficiently negative magnetic shear occurs at approximately

smin�−0.4, as shown in Fig. 9, where the peak core R /LTe
is

plotted against smin for a large number of profiles. A com-

parison of profiles with 2 MW NBI heating, shown as black

circles, to profiles with the same NBI power and additional

FIG. 5. �Color online� Distribution of q values at �a� the e-ITBs, �b� the

i-ITBs.

FIG. 6. �Color online� Peak normalized inverse ITG scale lengths R /LTi
vs

peak normalized inverse velocity gradient scale lengths R /L
v�

.

FIG. 7. �Color online� �a� Radius of the i-ITB compared to the location of

maximum E�B shear, shown with equality line. �b� Histogram of radial

separation between i-ITB and location of maxium E�B positive values

indicate i-ITB is radially outwards.
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HHFW power of up to 2 MW, shown as red squares, shows

that R /LTe
only increases modestly with additional input

power for smin�−0.4, but can reach significantly higher val-

ues for more negative magnetic shear values. The inability to

access high R /LTe
at zero or weakly reversed magnetic shear

is emphasized by the shaded upper left region in Fig. 9,

showing that for smin�−0.4, peak Te gradients are limited to

R /LTe
�11. The data also suggest that in the intermediate

shear region, −0.4�smin�−1.0, the maximum sustainable

gradient may be a function of smin, but more data points at

higher input power would be needed to confirm this.

The stiffness of the core Te profile is also observed in

H-mode. Because NSTX H-modes have exclusively mono-

tonic q-profiles with smin=0, these profiles are represented by

the vertical bar at smin=0 in Fig. 9. A large number of

H-mode profiles are included in the vertical band, including

NBI powers up to 6 MW. The results show that stiff core Te

profiles occur in both H-mode and L-mode discharges.

Although the data shown in Fig. 9 span a range of

plasma parameters, no parameter other than magnetic shear

was found to correlate well to Te profile stiffness. Plasma

density at the e-ITB ranged from 1 to 4�1019 m−3. Zeff

ranged from 1.1 to 4 due to the use of both deuterium and

helium as the bulk plasma species and varying wall condi-

tions. Various rates of lithium evaporation
16

were used dur-

ing the experiment, primarily to control densities near the rf

antennas to optimize coupling. The ratio of Te /Ti ranged

from 0.4 to 2.5 at the e-ITB location. While critical ETG

gradients are affected by terms such as �=Zeff�Te /Ti�,

there was little correlation between this quantity and ob-

served peak R /LTe
. Horizontal bands in Fig. 9 show the criti-

cal gradients for ETG instability for a sample of profiles will

be discussed in the section comparing measurements to

simulations.

The combined effect of simultaneous electron and ion

ITBs is shown in Fig. 10, showing ion thermal diffusivities

near the neoclassical value at the i-ITB. Electron thermal

diffusivities below that of the ions are typically not observed

FIG. 8. �Color online� �a� Radius of the e-ITB vs radius of smin. �b� Histo-

gram of radial separation between smin and the e-ITB and i-ITBs. Positive

values indicate ITB is radially outwards from smin.

FIG. 9. �Color online� Value of minimum magnetic shear vs peak electron

temperature gradient. Shaded region in the upper left shows an inaccessible

region due to stiff profiles. Horizontal bands show critical ETG gradients

calculated using linear GS2 and GYRO simulations. Gray vertical band at

smin=0 serve as a reference from high 	 H-mode discharges.
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without a strong e-ITB, with typical �e values observed

in weakly reversed shear discharges ranging between

10–20 m2
/s.

7

VI. ELECTRON FLUCTUATION MEASUREMENTS

Having established a connection between negative mag-

netic shear and the ability to sustain higher electron tempera-

ture gradients, a microwave scattering diagnostic was used to

measure local electron density fluctuations at the e-ITB at

electron scale wave numbers �k�
e�0.6�.
17–19

Figure 11�a� compares fluctuation power spectra be-

tween two discharges, one with a weakly reversed shear

q-profile without an e-ITB and another with a strongly re-

versed shear q-profile with an e-ITB. The q and Te profiles

corresponding to the fluctuation measurements are shown in

Figs. 11�b� and 11�c�. The high-k fluctuations for the nega-

tive magnetic shear case are lower in amplitude over a wide

frequency range despite elevated electron temperature gradi-

ents �R /LTe
�20�.

Fluctuation measurements were also taken outside the

region of negative magnetic shear, near the location of qmin,

where the magnetic shear is zero. Measurements at this lo-

cation did not display the same suppression of fluctuation

regardless of the value of magnetic shear further inside the

plasma, illustrating that turbulence suppression is a local

phenomenon tied to the local magnetic shear value.

Examples of e-ITBs up until this point have used NBI

for both heating and diagnostic purposes. Despite evidence

showing that magnetic shear is the more important factor for

electron transport, E�B shear has nonetheless been present.

Figure 12�a� shows a comparison of high-k fluctuation spec-

tra between two discharges heated only with HHFW, using

50 ms NBI blips for diagnosis. The electron temperature pro-

files and q-profiles are shown in Figs. 12�b� and 12�c�, with

similar results as beam heated e-ITBs, where the strongly

reversed shear discharge with steep Te gradients shows re-

duced fluctuations. Er and the E�B shearing rate for the

e-ITB case are shown in Fig. 13. The lack of E�B shear

around the fluctuation measurement region shows that mag-

FIG. 10. �Color online� TRANSP calculations of the electron and ion ther-

mal diffusivities with an ITB. Magnetic axis �not shown� is at 102 cm and

the plasma edge is at 154 cm.

k⊥ρe=0.08

k⊥ρe=0.11

Strong negative s

(a)

Weak negative s

(b)

(c)

Weak negative s

Strong negative s

Strong negative s

Weak negative s

FIG. 11. �Color online� �a� High-k microwave scattering fluctuation power

spectra comparison between a case with an e-ITB and strongly negative

magnetic shear vs a weakly reversed shear case with lower electron tem-

perature gradients. �b� Electron temperatures and �c� q-profiles for cases

shown in �a�, shaded region indicates the high-k measurement region.
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netic shear alone is capable of suppressing electron scale

fluctuations. This calculation also excludes the poloidal

velocity, which is expected to contribute minimally to the

E�B shear in the plasma core.

Fluctuation power was statistically analyzed and is

shown in Fig. 14 where the fluctuation power was integrated

over frequency for 5 ms periods immediately preceding each

kinetic profile for two high-k channels. Due to local Te varia-

tion at the measurement location, not every measurement

point is identical in k�
e. However, the fact that both high-k

channels at different wave numbers show similar results sug-

gests that fluctuations are suppressed over a range of wave

numbers. While a large range of fluctuation power exists for

the zero or weakly reversed sheared plasmas, this could be

explained by variations in critical gradients for electron gy-

roscale modes due to varying plasma parameters. A trend can

be seen toward increasing fluctuation power with increasing

electron temperature gradients, though with significant scat-

ter. What is clear, however, is that strongly reversed sheared

e-ITBs display lower levels of integrated fluctuation power,

by about an order of magnitude, across a range of k�
e

despite having significantly higher electron temperature

gradients.

VII. COMPARISON TO GYROKINETIC SIMULATIONS

Linear gyrokinetic simulations were used to calculate

critical temperature gradients, �R /LTe
�crit, for the onset of

ETG modes over the range of measured magnetic shear and

electron temperature gradients. For GS2 simulations,
20

criti-

cal gradients were calculated for sample experimental pro-

files with and without ITBs. The calculated range is shown

by the larger shaded band �green� in Fig. 9. The narrower

bands �brown� in the same figure show results from linear

GYRO simulations,
15,21

where a single ITB profile was used

but the parameters �=ZeffTe /Ti and the magnetic shear were

varied in the simulations to account for errors and variations

observed in the experiments. Because the ETG �R /LTe
�crit

does not change significantly with increasingly negative

magnetic shear, these results show that the measured electron

temperature gradient can greatly exceed critical ETG gradi-

ents, but only for strongly negative magnetic shear.

k⊥ρe=0.15k⊥ρe=0.28

Zero s

(a)
Strongly

negative s

(b)

(c)

Zero s

Zero s

Strongly

negative s

Strongly

negative s

FIG. 12. �Color online� �a� High-k fluctuation power spectra comparing two

rf heated cases, a reversed shear e-ITB case, and a zero shear case. �b�

Electron temperatures and �c� q-profiles for cases shown in �a�, shaded re-

gion indicates the high-k measurement region.

(a)

(b)

FIG. 13. �Color online� �a� Er at the high-k measurement region �b� E�B

shearing rate at the high-k measurement region.
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The connection between high-k fluctuations on NSTX

and ETG microinstabilities has been previously established

in Ref. 22 and the currently observed reduction in fluctuation

levels are consistent with previous works from Ref. 23,

where nonlinear gyrokinetic simulation results showed that

electron thermal transport due to ETG modes would be sig-

nificantly reduced at strongly negative magnetic shears.

VIII. CONCLUSION

In conclusion, we observed internal transport barriers in

NSTX for reversed shear discharges in the electron thermal,

ion thermal, and toroidal momentum channels. Statistical

analysis of a kinetic profile database shows that the i-ITB is

best correlated with the location of maximum E�B shear

and to the value of the toroidal velocity shear. The e-ITB, on

the other hand, is best correlated with smin and can show a

transition out of a stiff profile regime when the magnetic

shear reaches a sufficiently negative value. Density fluctua-

tion measurements at the electron gyroscale in the steep

gradient region of the e-ITB show reduced fluctuation levels

despite greatly exceeding the ETG �R /LTe
�crit relative to

zero and weakly sheared profiles. The combination of

e-ITB and i-ITB results in significantly reduced thermal

diffusivities.
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