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In this Letter we report the first clear experimental observation of density gradient stabilization of
electron temperature gradient driven turbulence in a fusion plasma. It is observed that longer wavelength
modes, k; p, = 10, are most stabilized by density gradient, and the stabilization is accompanied by about
a factor of 2 decrease in the plasma effective thermal diffusivity.
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Microinstabilities in fusion plasmas, e.g., ion tempera-
ture gradient (ITG) mode, trapped electron mode (TEM),
and electron temperature gradient (ETG) mode, could
drive microturbulence, a major candidate in producing
anomalous transport. Understanding, and thus controlling,
microinstabilities is one of the most challenging problems
in the controlled magnetic fusion research. In the litera-
ture, the density gradient has been predicted to be able to
stabilize ITG and ETG, but to stabilize or destabilize TEM
depending on collisionality [1]. The stability of these mic-
roinstabilities can be quantified by the critical temperature
gradient at which an instability is marginally unstable. For
example, an analytic form of the critical temperature gra-
dient for ETG instability is derived as in Ref. [2]:

T
(RO/LT(.)Crit = max{(l + Zeff %)(133 + 199§/q)

% (..., 0.8R, /L, } ()

where R, is the major radius of the flux surface center,
Ly = (dInT,/ dr)”! is the electron temperature scale
length, L, = (d Inn,/dr)”" is the electron density scale
length, Z.s is the effective ionic charge, T, is the electron
temperature, 7T; is the ion temperature, § = (r/q)(dg/dr) is
the magnetic shear, ¢ is the magnetic safety factor, and
(...) denotes some geometric terms not easily quantifiable
for low aspect ratio tokamaks. It can be seen from this
formula that, if large enough, the density gradient term,
0.8Ry/L,,, could determine the critical temperature gra-
dient alone and result in the stabilization of ETG modes.
Confinement improvements have been observed to be as-
sociated with peaked density profile resulting from pellet
injection [3], and the improvements were attributed to
density gradient, perpendicular flow shearing, and/or re-
versed magnetic shear [4-6]. Here we present the first
direct experimental demonstration of density gradient
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stabilization of electron-gyro scale turbulence. The experi-
mental observation is in quantitative agreement with linear
numerical simulations and supports the conclusion that
the observed density fluctuations are driven by ETG.
Furthermore, it is found that the longer wavelength modes,
ki ps, = 10 (p, is the ion gyroradius at electron tempera-
ture and k, is the wave number perpendicular to local
equilibrium magnetic field), are strongly stabilized by
density gradient and that plasma effective thermal diffu-
sivity is decreased by about a factor of 2 along with the
stabilization.

The measurement was carried out on the National
Spherical Torus Experiment (NSTX) with a 280 GHz col-
lective microwave scattering system (the high-k scattering
system) [7]. This scattering system has five channels cover-
ing a wave number range of 5 < k; < 30 cm™! with a
wave number resolution about 1 cm ™! and a radial resolu-
tion of AR = £2 cm, which allows us to study the evolu-
tion of local fluctuation with respect to local equilibrium
quantities, e.g., Ly, L, , g, and 3.

Figure 1 shows the density (a) and temperature (b)
profiles at t = 498 ms [before an event of edge localized
mode (ELM) [8]] and at t = 532 ms (after the ELM event)
measured by multiple point Thompson scattering (MPTS)
[9] of shot 140620, a deuterium H-mode plasma with
900 kA plasma current and 4.5 kG toroidal field. The
measurement region of the high-k scattering system,
the overall radial region covered by all channels with the
center of scattering location separated by < 1 cm, is from
about R = 134 to 139 cm. A large increase in density
gradient after the ELM event in the measurement region
is evident in Fig. 1(a), and only a small change in electron
temperature profile is seen in Fig. 1(b). We also note that
magnetic measurements show no large amplitude global
MHD activity before, during, and right after the ELM
event.
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FIG. 1 (color online). (a) Radial profiles of electron density at
t = 498 and 532 ms which are before and after an ELM event
(see the inserted D, signal, where the two vertical lines denote
the two Thompson time points). (b) Radial profiles of electron
temperature at t = 498 and 532 ms. The shaded regions denote
the measuring region of the high-k system. Large change in L,
after the ELM at ¢ = 532 ms is evident.

Figure 2 shows the spectrograms of channels 2 and 3 of
the high-k system and the frequency spectra at three MPTS
time points, t = 498, 515 (before the ELM event) and
532 ms (after the ELM event). The wave numbers mea-
sured by the two channels are k; p; = 10-12 (channel 2)
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FIG. 2 (color). Upper panels: The spectrograms of two high-k
channels around the ELM event. Lower panels: The frequency
spectra at the three exact MPTS time points, ¢t = 498, 515, and
532 ms, for the two high-k channels. The three colored lines in
the upper panels denote time points used for plotting the lower
panels with the same color coding.

and 8-10 (channel 3) before the ELM event, and become
15-17 and 12.5-14.5 after the ELM event due to a larger
refraction following the ELM event. The signal from the
collective scattering of microwave by electron density
fluctuations manifests as spectral peaks at negative fre-
quencies, corresponding to the ion diamagnetic direction
in the laboratory frame. However, accounting for a Doppler
shift of k;V;/2m (the vertical green lines in the lower
panels denote k;Vy/27 at t = 498 ms), where kp is the
toroidal wave number and V7 is the plasma toroidal flow,
the wave propagation direction in the plasma frame is in
the electron diamagnetic direction, consistent with pre-
vious results [10]. The large central peaks at f = 0 are
due to the spurious reflection of the probing microwave
beam, and large frequency separations between the scat-
tering signals and the central peaks ensure accurate mea-
surements of scattered microwave power. It can be
immediately seen from the figure that the two channels
show large reduction in scattering signal power after the
ELM event, and most notably, the scattering signals re-
ceived by channel 3 are below its noise level. However,
since the wave numbers measured by the high-k channels
increase after the ELM event, the change of wave number
spectrum has to be assessed as below.

Figure 3 shows the normalized k; spectra in arbitrary
units at the three MPTS time points. At 1 = 532 ms, esti-
mated upper bounds are plotted for channels 3 and 4, since
they have scattering signals below the noise level. The
upper bounds of possible fluctuation power are estimated
by using the scattering signal power of channel 5 at
t = 532 ms, which is about 3 times higher than noise level,
to obtain a minimum detectable scattering power (channel 5
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FIG. 3 (color online). The k,; spectra in arbitrary unit (nor-
malized to n2 and S is the spectral density calculated using the
total scattered power in the spectra of each channel) at the three
MPTS time points. Data points are also labeled with their
corresponding channel numbers. The absolute upper bounds
for the density fluctuation spectral power are denoted by hori-
zontal solid lines on the tops of vertical dashed lines.
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has similar noise level as channels 3 and 4). It is clear from
Fig. 3 that after the ELM event, i.e., at t = 532 ms, the
fluctuation power for k| p; =< 15 is reduced and the most
significant reduction, more than an order of magnitude,
occurs at small wave numbers, k| p, = 10. We note that
the actual reduction in spectral power in channels 3 and 4
could be more than denoted by the upper bounds.
Interestingly, the fluctuation power at higher wave num-
bers, k| p; = 15, seems to be unaffected by the increase
of density gradient; i.e., an overlap in fluctuation power
is expected if one extrapolates the k; spectrum at
t = 515 ms with a power law to higher wave numbers.
We also note that channel 5 is not included in the two k|
spectra before the ELM event since its scattering location
is separated for more than 2 cm from those of the other four
channels for those particular density profiles. However, this
channel is included in the k| spectrum at + = 532 ms since
the change of density profile after the ELM event leads to a
better overlap of the radial scattering locations of different
channels with separations of the center of scattering
location < 1 cm.

In order to demonstrate the fact that the density gradient
has the largest change (increase) in the high-k measure-
ment region after the ELM event, the time evolutions of
four equilibrium quantities around the ELM event are
plotted at the three MPTS time points in Fig. 4. The error
bars in the figure represent profile variations in high-k
measurement regions for channels measuring the wave
numbers experiencing the largest change in spectral power
after the ELM event, namely, channels 3 and 4 before the
ELM event (from about R = 134.5 to 138.5 cm) and
channels 4 and 5 after the ELM event (from about R =
134 to 138 cm). The normalized electron density gradient,
Ro/L,, , and normalized electron temperature gradient,
Ro/Lr,, are obtained from the MPTS profiles. 7; and
normalized ion temperature gradient Ry/Ly. are obtained
from charge exchange recombination spectroscopy
measurement [11]. It is easy to see from Fig. 4 that the
greatest change in the equilibrium quantities after the ELM
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FIG. 4 (color online). The normalized electron density gra-
dient, R,/L, , normalized electron temperature gradient,
Ry/Lr,, ion temperature, T;, and normalized ion temperature
gradient, RO/LT’_, at t = 498, 515, and 532 ms averaged in the
high-k measurement locations (see main text). The timing of the
ELM event is denoted by the red vertical solid lines.

event is the factor of 5 increase of R,/L,, . The next largest
changes are the 60% increase in Ry/Ly and the 60%
decrease in Ry/Lr,. Despite the increase in the T, gradient
which drives ETG modes, the turbulence spectral power
has been shown to be significantly decreased as shown in
Fig. 3. The decrease in Ry/Ly, should only affect the
stability of ITG modes. However, the observation of neo-
classical ion transport level in NSTX H-mode plasmas
indicates that ITG modes are stabilized by geometrical
and E X B shear effects [12]. In addition to changes in
gradients, a 40% increase in T; decreases T, /T; (T, change
is smaller), a destabilizing effect as shown in Eq. (1).
However, we will show later that the density gradient
change is so large that, as described in Eq. (1), the second
term in the “max” function overcomes the first term.
Finally, we note that all other relevant equilibrium quanti-
ties, T,, n,, §, q, Ze, and the Hahm-Burrell £ X B shear
rate [13], show less than 25% change after the ELM event.

The observed density gradient stabilization is in good
agreement with stability analysis performed with the GS2
code [14]. GS2 is an initial value gyrokinetic code which, in
its linear mode, finds the fastest growing mode for a given
pair of poloidal and radial wave numbers. In order to find
the critical temperature gradient, growth rates of a range of
unstable poloidal wave numbers are calculated with several
different temperature gradients. Linear extrapolation of the
growth rate of the most unstable mode determines the
critical temperature gradient [2]. In Fig. 5, the critical 7,
gradients in the high-k measurement region were calcu-
lated using GS2 and are plotted for the three MPTS time
points, i.e., Figs. 5(a)-5(c), together with the measured 7',
gradient profile. It can be seen from Fig. 5 that at the
time points before the ELM event, i.e., 498 ms (a) and
515 ms (b), the measured 7', gradients are larger than the
critical 7, gradients from GS2 calculation in most of the
high-k measurement region. However, at t = 532 ms (c),
after the ELM event, the critical 7, gradient from GS2
calculations is much larger than the measured 7, gradient
for most of the high-k measurement region; i.e., ETG
modes are linearly stable, which is able to explain the
observed large reduction of spectral power for k| p, < 10
at t = 532 ms as shown in Fig. 3. We note that, due to the
small size of the existing ETG unstable region, where
(RO/LTL,)measured > (RO/LTL,)critic,Gszy in Flg S(C), it may
not be enough to explain the unaffected spectral power
for k| p; = 15 in Fig. 3. In order to show that the density
gradient increase is responsible for the large increase of
critical 7, gradient in Fig. 5(c), critical T, gradients calcu-
lated with R,/ L, decreased by 3, 4.5, and 6 units are also
plotted in Fig. 5(c). It is clear that (R,/ L, —3)leads to
significantly lowered critical 7T, gradients in the high-k
measurement region. However, while the decreases to
(Ry/L,, —4.5) and (Ry/L,, — 6) lead to further reduction
of critical R/ Ly at R > 135.5 cm, only a small change in
critical Ry/Ly, is observed at R =< 135 cm, which is
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FIG. 5 (color online). The critical 7, gradients calculated by
GS2, (Ro/ L7, )eritic,cs»» (asterisks) in comparison with the measured
temperature gradient, (Ro/Lz,)measured» (OPEN squares) in the
high-k measurement region: (a) at = 498 ms, (b) t = 515 ms,
(c) t =532 ms. Additional lines in (c) denote (Ry/Lz,)citicos2
calculated with (Ry/L, — 3)(solidline), (Ry/L, — 4.5)(dashed
line), and (Ry/ L,, — 6) (dotted line).

consistent with the fact that the first term in the max
function of Eq. (1) dominates the critical Ry/Ly, as
the second density gradient term becomes sufficiently
small.

The stabilization of the electron-scale turbulence is also
found to be accompanied by an improvement in plasma
confinement. The transport analysis was carried out
with TRANSP [15]. Because of a strong energy coupling
between electrons and ions due to large plasma density
(n, ~5 % 10" m~3), here we show the plasma effective
thermal diffusivity, y, in Fig. 6 as a function of R at the
three MPTS time points: ¢ = 498, 515, and 532 ms, where
a factor of about 2 reduction in y can be seen in the high-k
measurement regions used in Fig. 4 at t = 532 ms after the
ELM event. (We note that the uncertainty in y in the
shaded region in Fig. 6 is about 30%.) This correlation
suggests that the reduction in the longer wavelength
modes, k| p, < 10, may be responsible for the improve-
ment in plasma confinement.

In conclusion, we have demonstrated the density gra-
dient stabilization of electron-scale turbulence by showing
significant reduction in density fluctuation spectral power
at k) p, = 10 following a large density gradient increase
induced by an ELM event. This observation together with
linear gyrokinetic stability analysis supports the fact that
the turbulence we observe before the ELM event is driven
by ETG instability. TEM, on the other hand, is ruled out by
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FIG. 6 (color online). The plasma effective thermal diffusivity
as a function of R for the three MPTS time points: t = 498
(dotted line), 515 (dashed line), and 532 ms (solid line) with the
shaded region denoting the high-k measurement regions as used
in Fig. 4 (from about R = 134 to 138.5 cm).

this observation, since our ion-scale GS2 calculations (not
shown) show that TEM should be destabilized by the large
density gradient. A reduction in plasma effective thermal
diffusivity is also found to be correlated with the significant
reduction of spectral power at k| p, = 10, suggesting the
importance of these modes in driving anomalous plasma
thermal diffusion.
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