Internal transport barriers in NSTX
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In the National Spherical Torus eXperiment (NSTX), internal transport barriers (ITBs) are ob-
served in reversed (negative) shear discharges where diffusivities for electron and ion thermal chan-
nels and momentum are reduced. While neutral beam heating can produce I'TBs in both electron and
ion channels, High Harmonic Fast Wave (HHFW) 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 (MSE) constrained
equilibria, whereas the i-ITB location better correlates with the location of maximum E x B shearing
rate. Measured electron temperature gradients in the e-ITB can exceed critical gradients for the
onset of ETG microinstabilities calculated by linear gyrokinetic codes. A high-k microwave scatter-
ing diagnostic shows locally reduced density fluctuations at wavenumbers 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 of electron turbulence in negative magnetic shear conditions despite exceeding critical

gradients.

INTRODUCTION

Understanding the underlying mechanisms that
lead to improved plasma confinement in internal
transport barriers (ITBs) has been a continous 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 have been previ-
ously reported on many tokamaks, with a multi-
machine review found in [1], and also more recently
in a spherical torus [2]. Here we report on measure-
ments of ITBs in the National Spherical Torus eX-
periment (NSTX), where improved confinement for
reversed shear plasmas is observed simultaneously in
the electron and ion thermal channels, as well as in
toroidal velocity. Calculated thermal diffusivities in-
side the steep gradient region of the ITBs can reach
similar values on NSTX as found on devices operat-
ing 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 understanding that ion temperature gradi-
ent (ITG) microinstability induced transport can be
quenched with sufficient E x B flow shear. However,

this stabilization does not seem to also effectively
suppress transport in the electron channel, resulting
in a dominant loss channel through the electrons. In
the current work, we explore a new regime of elec-
tron confinement where electron temperature pro-
files are no longer stiff at sufficiently negative mag-
netic shear. After a general description of the plas-
mas used in this work, we begin by examining the
kinetic profiles of the I'TBs followed by a statistical
analysis of key profile features. Local electron scale
fluctuations inside the ITBs will be examined, and
the experimental results will be compared with with
gyrokinetic simulations.

Plasma description

Plasmas discussed in this work were all performed
at 0.55T, with 1MA of plasma current, using a
combination of NBI and High Harmonic Fast Wave
(HHFW) radio frequency heating. The L-mode dis-
charges 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 [I] shows the
time evolution of such an I'TB discharge, in which an
early period of reversed shear, indicated by the ele-
vated qo — @min, accompanies a rapid rise in the core
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FIG. 1: Time evolution of an initially strongly reversed
shear plasma displaying an electron internal transport
barrier (e-ITB) until the current redistribution event
shown by the MHD trace. (a) plasma current and heat-
ing waveforms, (b) core electron and ion temperatures
(c) elevated qo — gmin indicates reversed shear condi-
tions (d) MHD activity. Dashed lines in (a) correspond
to times in Figure

electron and ion temperatures, until MHD activ-
ity causes the current to redistribute on a timescale
much faster than the current relaxation time. The
g-profile and toroidal current profile during and after
the ITB phase are shown in Figures and
The plasma most often continues with a weakly re-
versed shear or monotonic g-profile, during which
the electon confinement is degraded relative to the
shear reversal period, but the ion confinement does
not necessarily degrade as significantly.

Profile measurements

A number of diagnostics on NSTX allow for de-
tailed profile measurements, shown in red using the
left hand axis in Figure[3 are kinetic profiles from the
same plasma as in Figure[[l The electron tempera-
ture and density, T, and n., are measured using a 30
channel, 60Hz Thomson scattering system E] Ton
temperatures, T}, and toroidal velocity, vy, are mea-
sured using the 51 channel CHarge Exchange Re-
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FIG. 2: (a) q and (b) current density profiles during and
after the reversed shear period.

combination Spectroscopy (CHERS) [4] with 10ms
time resolution. The g-profile is reconstructed using
LRDFIT, a free boundary Grad-Shafranov equilib-
rium reconstruction code that models vacuum vessel
eddy currents and makes use of magnetics, electron
temperature isothermal flux surfaces, rotation, and
FE,. corrected pitch angles from a 16 channel Motional
Stark Effect (MSE) ﬂﬁ] system with 10ms time reso-
lution.

Normalized gradient scale lengths, R/Lx =
—(R/X)(dX/dr), where R is the major radius, are
calculated from x? minimized fits to the profile data
with spline or tanh functions. Figure [ shows these
normalized gradients in blue using the right hand
axis. I'TB profiles shows peaked gradients in the core
plasma in the electron and ion temperatures, and
also in toroidal velocity, while the electron density
gradient does not show a dramatic increase with ITB
formation. Note that for negative shear g-profiles,
Smin, the profile magnetic shear minima is a negative
quantity, while monotonic g-profiles have s, = 0.
Figure [3] demonstrates that peak gradients do not
necessarily occur at the same radial location.

Comparing the location of profile features requires
radial alignment cross-calibration between the pro-
file instruments. In addition to extensive invessel
spatial calibrations, CHERS and Thomson scatter-
ing 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 ﬂa] The MSE system in turn
shares an optical system with the CHERS diagnos-
tic and therefore no systematic offsets are expected
between these diagnostics.
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FIG. 3: Kinetic profiles of an ITB. Shown in red using
the left hand axes are (a) q, (b) electron density, (c) elec-
tron temperature, (d) ion temperature, and (e) toroidal
velocity. Shown in blue using the right hand axes are
(a) magnetic shear, and (b-e¢) the normalized gradient
scale lengths. Vertical dashed lines and green highlights
indicate positions of interest such as ¢min, Smin, peak
gradients and their radial locations.

dmin 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 $,,;, and the ITBs, defined as the
radius of peak R/Lt, (e-ITB) and R/Ly, (i-ITB)
appears on average 9 cm away from @pm,, shown
as histograms of the occurance fraction within the
database in Figure @l The q values at the ITBs do
not favor any particular rational value of q and oc-
curs over a range, as seen in Figure[Bl The lack of
correlation to rational q values at the transport bar-
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FIG. 5: Distribution of q values at (a) the e-ITBs, (b)
the i-ITBs.

riers and the large spatial separation between ¢n
and the I'TBs suggests that these are not key factors
for NSTX ITBs.
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FIG. 6: Peak toroidal velocity gradients, R/L,, versus
peak ion temperature gradients.

Ion Transport Barrier

Ton transport in i-ITBs appears consistent with
the general understanding that ITG microturbu-
lence induced transport can be suppressed with suf-
ficient E x B shear. Figure [6] shows a trend of in-
creasing peak R/L, with increasing peak R/L,,,
as the toroidal velocity typically provides the largest
contribution in the radial force balance equation,

1
E, =

— P — vg; B B 1
Ziemv vg;i By + vgi By (1)

where Z;e, n;, P; are the ion charge, density, and
pressure, 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 ion temperature gradient 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 x B shear. Fig-
ures [7(a)| and show that the i-ITB statistically
occurs most frequently within approximately 3 cen-
timeters of the peak E x B shear position. For the
calculation of the E x 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 [7]. Linear gyrokinetic simulations

4

B] show ion gyroscale modes to be stable in ITB
profiles.
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FIG. 7: (a) Radius of the i-ITB compared to the location
of maxium E x B shear, shown with equality line. (b)
Histogram of radial separation between i-ITB and loca-
tion of maxium E x B positive values indicate i-ITB is
radially outwards.

Electron Transport Barrier

From the profiles shown in Figure[3] one can see
that the e-ITB does not necessarily occur at the i-
ITB location. The location of the e-ITB best corre-
lates with the location of minimum magnetic shear.
Figureshows the radius of the e-ITBs versus the
radius of s;,;, and a histogram of their separation
distance is shown in Figure The e-ITB oc-



curs almost exclusively at s,,;, or a few centimeters
inboard. Overlaid in the same figure, one can see
the separation between the i-ITB and s,y is in the
oppposite direction, with the i-ITB occuring mostly
outboard of the s,,;, location, and better correlated
with the location of the peak of the E x B shearing
rate. These results are consistent with the general
understanding that E x B shear can effectively sup-
press ITG induced ion turbulence, but that magnetic
shear plays a more important role in electron trans-
port suppression.
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FIG. 8: (a) Radius of the e-ITB vs. radius of smin.. (b)
Histogram of radial separation between $,,i» and the e-
ITB (red) and i-ITBs (green). Positive values indicate
ITB is radially outwards from S.min.-

The transition out of the stiff T, profile regime
due to sufficiently negative magnetic shear is shown
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FIG. 9: Value of minimum magnetic shear vs. peak
electron temperature gradient. Shaded region in the up-
per left shows an inaccessible region due to stiff profiles.
Horizontal bands in green and brown show critical ETG
gradients. Grey vertical band at smin = 0 serve as a
reference from high 8 H-mode discharges.

in Figure[@ in which the peak core R/L. is plotted
against s, for increasing auxilliary heating power,
from 2 MW NBI (black), to 2 MW NBI with up to 1
MW of HHFW (blue), and 2 MW NBI with greater
than 1 MW of HHFW (red). A reference range for
typically observed core gradients in NSTX is shown
by the vertical grey region at s,,;, = 0, using high in-
put power (6MW NBI), high-8 H-modes with mono-
tonic g-profiles. Data in Figure [9 were not specif-
ically filtered for peak gradient times, and shows
a large range of values at each value of magnetic
shear. While many points may reflect still develop-
ing e-ITBs and others do not reach high R/Lz, due
to insufficient heating power or ion thermal trans-
port, there are a few discharges that do not develop
steep electron temperature gradients despite having
sufficient negative shear and input power.

The data shown in Figure spans a range of
plasma parameters. Plasma density variation at the
e-ITB range from 1 to 4x10%m=3, with Zeyy rang-
ing from 1.1 to 4 due to the use of both deuterium
and helium as the bulk plasma species and varying
wall conditions. Various levels of lithium evapora-
tion wall conditioning E] were also employed during
the experiment, primarily to control densities near
the RF antennas to optimize coupling. Additionally,
the ratio of T /T; ranges from 0.4 to 2.5 at the e-ITB



location. These parameter ranges, which exist at
both high and low magnetic shears, were examined
but did not correlate well to electron temperature
gradients.

The inability to access high R/Ly, at zero or
weakly reversed magnetic shear with additional
heating power, shown as the shaded upper left re-
gion in Figure [ reveals that for s,,;, > —0.4, the
T, profile is stiff and limited to R/Ly, < 11. How-
ever, profiles with s,,;, < —0.4 appear to be in a
different regime, where electron temperature gradi-
ents can be increased to large values using the same
level of input power. The data suggests that in the
intermediate shear region, —0.4 > s,,;, > —1.0, the
maximum sustainable gradient may be a function
of Smin, but more datapoints at even higher input
power would be needed to confirm this. Horizontal
regions in green and brown in Figure[@ showing crit-
ical gradients for electron modes will be discussed
when these measurements are compared to simula-
tions.

The combined effect of simultaneous electron and
ion ITBs is shown in Figure[I0] showing ion thermal
diffusivities near the neoclassical value at the i-ITB.
Electron thermal diffusivities below that of the ions
is typically not observed without a strong e-ITB,
with typical x. values observed in weakly reversed
shear discharges ranging between 10-20 m?/s ﬂﬂ]
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FIG. 10: TRANSP calculations of the electron and ion
thermal diffisivities with an ITB. Magnetic axis (not
shown) is at 102 cm, and the plasma edge is at 154 cm.

Electron fluctuation measurements

Having established a connection between negative
magnetic shear and the ability to sustain higher elec-
tron temperature gradients, a microwave scattering
diagnostic was used to measure local electron density
fluctuations at the e-ITB at electron scale wavenum-
bers (k1 pe < 0.6) ﬂm, , ]

Figure compares fluctuation power spectra
between two discharges, one that is weakly reversed
shear g-profile without an e-ITB (red) and a strongly
reversed shear with an e-ITB (blue). The T, profiles
and g-profiles are shown in corresponding colors in
Figures [11(b)[ and (c). The high-k fluctuations for
the negative magnetic shear case are lower in am-
plitude over a wide frequency range despite elevated
electron temperature gradients (R/Lz, > 20).

Fluctuation measurements were also taken outside
the region of negative magnetic shear, near the loca-
tion of ¢min, where the magnetic shear is zero. Mea-
surements at this location did not display the same
suppression of fluctuation regardless of the value
of magnetic shear further inside the plasma, illus-
trating that turbulence suppression is a local phe-
nomenon tied to the local magnetic shear value.

Examples of e-ITBs up until this point have used
NBI for both heating and diagnostic purposes. De-
spite evidence showing that magnetic shear is the
more important factor for electron transport, E x B
shear has nonetheless been present. Figure
shows a comparison of high-k fluctuation spectra be-
tween two discharges heated only with HHFW | using
50ms NBI blips for diagnosis. The electron tempera-
ture profiles and g-profiles are shown in Figure[I2(b)]
and (c), with similar results as beam heated e-ITBs,
where the strongly reversed shear discharge with
steep T, gradients shows reduced fluctuations. F,
and the E x B shearing rate for the e-ITB case
are shown in Figure [12(a)| and [12(b)l The lack of
E x B shear around the fluctuation measurement
region shows that magnetic shear alone is capable
of suppressing electron scale fluctuations. This cal-
culation also excludes the poloidal velocity, which is
expected to contribute minimally to the E x B shear
in the plasma core.

Fluctuation power was statistically analyzed and
shown in Figures [[4 where the fluctuation power
was integrated over frequency for 5 ms periods im-
mediately preceeding each kinetic profile for two
high-k channels. Due to local T, variation at the
measurement location, not every measurement point
is identical in k) p.. However, the fact that both
high-k channels at different wavenumbers show sim-
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temperatures and (c) g-profiles for cases shown in (a),
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ilar results suggests that fluctuations are suppressed
over a range of wavenumbers. While a large range
of fluctuation power exist 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 towards increasing fluctuation
power with increasing electon temperature gradi-
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ents, though with significant scatter. 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
k1 pe despite having significantly higher electon tem-
perature gradients.

Comparison to gyrokinetic simulations

Linear gyrokinetic simulations were used to cal-
culated critical temperature gradients, (R/Lt,)crit,
for the onset of electron thermal gradient (ETG)
modes over the range of measured magnetic shears
and electron temperature gradients. For GS2 sim-
ulations [13], critical gradients were calculated for
sample experimental profiles with and without ITBs.
The calculated range is shown by the shaded green
band in Figure The brown bands in the same
figure show results from linear GYRO simulations
I8, [14], where a single ITB profile was used but the
parameters 7 = Z.¢fT./T; and the magnetic shear
were varied in the simulations to account for the
variations observed in the experiments. Because the
ETG (R/Lt,)crit does not change significantly with
increasingly negative magnetic shear, these results
show that the measured electron temperature gradi-
ent can greatly exceed critical ETG gradients, but
only for strongly negative magnetic shear.

The connection between high-k fluctuations on
NSTX and ETG microinstabilities has been previ-
ously established in [15], and the currently observed
reduction in fluctuation levels are consistent with
previous works from [16], where nonlinear gyroki-
netic simulation results showed that electron ther-
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mal transport due to ETG modes would be signifi-
cantly reduced at strongly negative magnetic shears.

Conclusion

In conclusion, we have observed internal transport
barriers in NSTX for reversed shear discharges in the
electron thermal, ion thermal, and toroidal veloc-
ity channels. Statistical analysis of a kinetic profile
database shows that the i-ITB is best correlated with
the location of maximum E x B shear and the related
to the value of the toroidal velocity shear. The e-
ITB, on the other hand, is best correlated with s,
and can show a transition out of a stiff profile regime
when the magnetic shear reaches a sufficiently neg-
ative value. Density fluctuation measurements at
the electron gyroscale in the steep gradient region
of the e-ITB show reduced fluctuation levels despite



greatly exceeding the ETG (R/Lt,)crit relative to
zero and weakly sheared profiles. The combination
of e-ITB and i-ITBs results in significantly reduced
thermal diffusivities.
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