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Core electron-temperature fluctuations [0:5% � ~Te=Te � 2%, k��s � 0:3 in neutral-beam-heated low
confinement-mode (L-mode) plasmas] are observed to decrease by at least a factor of 4 in standard and
quiescent high-confinement-mode (H-mode and QH-mode) regimes in the DIII-D tokamak (r=a � 0:7).
These fluctuations are attributed to ion temperature gradient (ITG) modes stabilized by rotational shear at
the H-mode transition. The simultaneous reduction in electron heat diffusivity (�QH

e =�Le < 0:25) suggests
that ~Te fluctuations can contribute significantly to L-mode electron heat transport.
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Electron heat transport is a critically important process
in magnetized plasmas. For example, the study of astro-
physical plasmas [1], laser-produced plasmas [2], and high
temperature fusion plasmas [3] all benefit from improved
understanding of the underlying physical mechanisms.
Anomalous transport perpendicular to the confining mag-
netic field presents a considerable challenge for magnetic
fusion research [3,4]. The high transport rate (compared to
the expected rate due to classical/neoclassical collisional
processes) is thought to result from plasma turbulence,
although many critical issues remain unresolved. The
anomalous electron heat flux driven by electrostatic fluc-
tuations can be expressed as [5]:

 Qfl
e �

3
2�nkBTe�=Bt�h�

~Te=Te� ~E�i � h�~n=n� ~E�i�: (1)

Here, n, Te, and Bt are the density, electron temperature,
and toroidal magnetic field, respectively, and ~Te, ~E�, and ~n
are the electron temperature, poloidal electric field, and
density fluctuation levels. The brackets denote a time
average. As can be seen from the symmetry of Eq. (1),
electron-temperature fluctuations and density fluctuations
have the potential to contribute equally to the anomalous
heat flux. However, turbulence studies in the core of high-
performance fusion plasmas have focused primarily on
density fluctuations, which are accessible by a variety of
diagnostic techniques. In contrast, the role of core electron-
temperature fluctuations to the improved confinement ob-
served after transition from low confinement (L-mode) to
high confinement (H-mode) plasmas has not been previ-
ously investigated. H-mode and quiescent H-mode (QH-
mode) plasmas [6–9] in the DIII-D tokamak (major radius
R � 1:67 m, minor radius a � 0:61 m, toroidal magnetic
field Bt � 2:1T) are characterized by reduced cross-field
particle, ion thermal, and electron thermal transport.
Previously, density fluctuations have been observed to
decrease at the L-mode to H-mode transition [10]. These
reductions have been invoked as an explanation of the
reduced particle and ion heat transport found in H mode.

The measurements reported here establish that relative
temperature fluctuation levels are similar in magnitude to
density fluctuations during L-mode operation, and, more
importantly, are observed to reduce by at least a factor of 4
and 5, respectively, in the core of H-mode and quiescent
H-mode (QH) regimes. This fundamental new informa-
tion on turbulence reduction in H-mode plasmas strongly
suggests that electron-temperature fluctuations contribute
significantly to the observed decrease in anomalous
(turbulent-driven) electron heat flux.

Electron cyclotron emission (ECE) is routinely used in
tokamak plasmas to determine the electron-temperature
profile since the magnetic field varies spatially and a
particular emission frequency corresponds to one spatial
location in the plasma [11]. In a conventional single-
sideband heterodyne radiometer the minimum detectable
fluctuation level of the radiation temperature, ~TR;min=TR, is
determined by the ratio of the intermediate frequency (IF)
bandwidth BIF and the postdetection bandwidth Bv [12],
~TR;min=TR � �Bv=BIF�

1=2. For the receiver system em-
ployed here (BIF�100 MHz, Bv�0:5 MHz), ~TR;min=TR �
7%. The actual temperature fluctuation level reported here
is much lower; therefore a cross-correlation technique
(CECE) is required to extract temperature fluctuations
from the ECE signal. CECE measurements have previ-
ously been carried out in Ohmic [13–15], electron-
cyclotron-resonance-heated (ECRH) [16,17] and rf-heated
[15] fusion plasmas. The CECE method employed here
cross-correlates signals from two closely spaced frequency
intervals. Electron-temperature fluctuations related to
plasma turbulence remain correlated if the probed emission
volumes lie within the radial correlation length of the
temperature fluctuations. In contrast, inherent fluctuations
in the ECE signal, related to thermal emission, are decor-
related provided the frequency intervals do not overlap.

We employ a heterodyne correlation radiometer with
both channels receiving 2nd harmonic X-mode cyclotron
emission along the same line of sight [13–15]. The experi-
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mental arrangement used on DIII-D is shown schemati-
cally in Fig. 1. A parabolic mirror located inside the vac-
uum collects radiation from the plasma at an angle of 7� to
the tokamak midplane. The measured beam diameter at
the 1=e power points is D� 2:5 cm for normalized radii
0:5< r=a < 0:8, where r is the emission radius and a is the
plasma boundary radius.

Hence the diagnostic is most sensitive to fluctuations
with a poloidal wave number k�max � �=D � 1:3 cm�1.
The frequency band 92–106 GHz is down-converted to the
6–18 GHz frequency range. Two tunable yttrium-iron
garnet (YIG) bandpass filters (BIF � 100 MHz corre-
sponding to a radial resolution �r� 0:3 cm) are used to
discriminate the radiation emitted from adjacent plasma
volumes.

The relative radiation temperature fluctuation amplitude
is given by the correlation coefficient of the CECE signals
C12��t� [18], according to ~TR=TR � 	C12��t � 0�
1=2�

�Bv=BIF�
1=2. For the typical sample record length �T �

0:2 s used in this experiment a detection limit of 0.33% is
determined from the variance "2	C12�0�
 � �Bv=BIF�=
�2Bv�T�1=2 [18]. The optical depth at the measurement
location (r=a � 0:7) is � � 4 [19]. Including the effect
[16] of density fluctuations [~n=n � 0:02 for r=a � 0:7
from beam emission spectroscopy (BES) [20] ] requires a
maximum correction of less than 10% in order to interpret
the measurement as true electron-temperature fluctuations.

CECE measurements have been performed in upper
single null, beam-heated discharges in the L-mode, H-
mode, and QH-mode regimes (Fig. 2). Neutral-beam
power (2.6 MW) is counterinjected at 400 ms followed
by the addition of a second 2.1 MW counter-beam source at
800 ms. This leads to the H-mode transition at t � 900 ms
as indicated by the sudden drop in the midplane deuterium
D� emission intensity [Fig. 2(d)]. During H mode, the line-
averaged density increases threefold (due to improved
particle confinement). The central electron and ion tem-
peratures increase from 1.5 to 3.8 keV, and from 1.5 to
12 keV, respectively, and the global energy confinement
time increases by a factor of 2.5–3 after the H-mode
transition and during the QH-mode phase. QH-mode plas-
mas are characterized by the absence of edge-localized
modes (ELMs), which, in a regular H mode, typically
occur a few hundred ms after the L- to H-mode transition.

During the L-mode phase the relative temperature fluc-
tuation level at r=a� 0:7 rises to ~Te=Te � 1:3%. After the
transition to H mode the fluctuation level drops by at least a
factor of 4 to a value at or below the minimum detectable
level of 0.33% [Fig. 2(e), using a 0.2 s record length]. The
fluctuation amplitude does not rise above this level during
the entire QH-mode phase (2000–3500 ms). Reducing the
detection limit to 0.24% by using a record length of
800 ms, the QH-mode relative temperature fluctuation
level was found to be more than a factor of 5 below that
observed during the preceding L-mode phase (r=a � 0:7).
Although the electron temperature during QH mode has
increased by a factor of 2.5, the absolute electron-
temperature fluctuation level ~Te has reduced by a factor
of approximately 2 compared to L mode. Edge harmonic
oscillations (EHO modes) present during the QH-mode
phase at r=a > 0:85 do not affect the CECE measurements
at r=a � 0:7.

Figure 3 shows the measured correlation coefficient
C12��t� of the ECE signals and the fluctuation cross-power
spectra P12�f� � 	 ~TR�f�=TR


2 during the L mode with
2.4 MW (a),(b) and 4.7 MW (c),(d) beam injection power
and during ELM-free H mode of DIII-D discharge
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FIG. 2. (a) Injected neutral-beam power and plasma current;
(b) line-averaged density; (c) electron temperature at r=a � 0:7;
(d) D� line emission intensity; (e) normalized electron-
temperature fluctuation level for shot no. 125113. L-H and H-
L transitions are indicated by vertical dashed lines, the QH-mode
phase is shaded.
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FIG. 1. Schematic of the experimental arrangement.
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no. 125113. Broadband temperature fluctuations (5 kHz<
f < 150 kHz) are observed during L mode, while in
H mode both the correlation coefficient and the spectral
intensity are near the statistical detection limit (dashed
lines).

The temporal evolution of the cross-power spectrum
with 25 ms time resolution is shown in Fig. 4(a). The
mean frequency and width [Fig. 4(b)] of the spectral
feature are observed to evolve in response to changes in
beam-driven plasma rotation which dominate the disper-
sive properties, i.e., the E� B plasma flow far exceeds the
phase velocity of the fluctuations. The poloidal wave num-
ber detected by the CECE diagnostic can therefore be
independently estimated from the spectral mean frequency
according to k� � 2�fM=vE�B. Figure 4(c) shows that the
measured mean frequency of the temperature fluctuation
spectrum follows almost exactly the E� B rotation fre-
quency, fE�B � vE�B�r=a � 0:7�k�=2� determined from
charge exchange recombination (CER) measurements
[21], using k� � 1:25 cm�1 (k��s � 0:25). Suppression
of fluctuations is clearly observed close to the time of the
L-H transition [t � 900 ms, Fig. 4(a)]. The expected
broadening and shift of the temperature fluctuation spec-
trum lie well within the signal bandwidth (�f� 0:5 MHz)
and cannot explain the observed fluctuation reduction.

For typical tokamak plasma parameters, turbulence can
be driven by the ion temperature gradient (ITG modes)
[22], the electron-temperature gradient (ETG modes) [23],
or by the trapped electron population (TEM modes) [24],
depending on the detailed local gradients, collisionality,
and magnetic shear. The diagnostic used here is most
sensitive to ITG/TEM turbulence with low and/or medium
poloidal wave numbers (k��s � 0:25 in L mode and
k��s � 0:5 in H and QH mode), while short wavelength
ETG modes (k��s > 3) cannot be observed.

Linear stability calculations with the three-dimensional
trapped gyro landau fluid (TGLF) code [25,26] indicate
that the ITG mode is the dominant instability for 0:1 �
k��s � 1 during the L-mode phase of the discharge at the
measurement radius (r=a � 0:7), with TEM growth rates
�TEM < 0:2�ITG. These results suggest that the observed
electron-temperature fluctuations are associated with the
ITG mode, possibly resulting from a nonadiabatic electron
response. The maximum linear growth rate (�L � 5�
104 s�1) is found at k��s � 0:6. The experimentally in-
ferred mean poloidal wave number k� � 1:25 cm�1

[k��s � 0:25, Fig. 4(c)] for the observed temperature fluc-
tuations lies well within the linearly unstable ITG wave
number range. Figure 5 shows results of transport analysis
carried out using the ONETWO code [27]. The electron heat
diffusivity (�e � 1:5� 105 cm2=s in L mode at the mea-
surement location, r=a � 0:7) is found to be greatly re-
duced in H and QH mode for r=a > 0:4. For r=a � 0:7,
�QH
e =�e

L � 0:22.
Figure 5 also shows the ratio of the E�B shearing rate

to the linear growth rate at r=a � 0:7. In L mode, the linear
ITG growth rate far exceeds the flux-surface-averaged
shearing rate !ExB � h	�RB��2=Bt
�@=@ ��Er=RB��i due
to E� B plasma rotation [28]. Here, B� is the poloidal
magnetic field, and Er is the radial electric field. Hence, in

FIG. 4 (color). (a) Cross-power spectrum P12�f; t� �
	 ~TR�f; t�=TR�t�


2 and mean frequency fM (white line); the ver-
tical dashed line indicates the L-H transition; (b) mean frequency
fM and frequency FWHM of spectrum in (a); (c) E�B fre-
quency fE�B � vE�B�r=a � 0:7�k�=2� for k� � 1:25 cm�1,
and fM (dashed line); (d) D� line intensity indicating the timing
of the L-H transition.
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FIG. 3. Correlation coefficient and cross-power spectra before
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L mode, flow shear stabilization is not expected to suppress
ITG modes. In H and QH mode, TEM modes are found to
dominate in the linear stability analysis. However, here the
E�B shearing rate is found to exceed the calculated
linear growth rate, in agreement with previous results
invoking sheared E�B rotation to explain stability of
long wavelength microturbulence in H mode [29].

The relative temperature fluctuation levels in L mode,
~Te=Te � 2%, are similar to the L-mode density fluctuation
levels ~n=n measured in DIII-D by beam emission spec-
troscopy (k� � 3 cm�1) [20]. The observed dramatic re-
duction in electron-temperature fluctuation level during
H mode correlates with the reduced electron heat diffusiv-
ity and the reduction of the density fluctuation level typi-
cally observed from reflectometry and BES [20]. In view of
the symmetry of the anomalous electron heat flux Qfl

e with
regard to density and temperature fluctuations [Eq. (1)],
these findings indicate that electron-temperature fluctua-
tions substantially contribute to or possibly dominate
anomalous core electron heat flux in L mode.

In conclusion, we have presented the first experimental
observation of a large reduction in core plasma electron-
temperature fluctuations at the transition from L mode to
H mode and during QH mode. The association of electron-
temperature fluctuations with the ITG-mode regime (as
suggested here by linear stability analysis) has not been
studied extensively either experimentally or in nonlinear
gyrokinetic simulations to date, and may be indicative
of a nonadiabatic electron response due to the trapped elec-
tron population. This suggests that correlated electron-
temperature and poloidal-electric-field fluctuations
[Eq. (1)] can play an important role in L-mode electron
heat transport. A direct comparison of measured tempera-
ture fluctuation levels and spectra with nonlinear gyroki-

netic simulation results may help to more conclusively
elucidate the mechanisms responsible for anomalous elec-
tron heat transport. Simultaneous measurements of corre-
lated electron-temperature and density fluctuations are
planned for DIII-D, using reflectometry and CECE data
obtained at the same spatial location. This will allow their
phase relationship to be determined which will shed further
light on the nature of turbulence-driven electron heat trans-
port in magnetic confinement fusion plasmas.
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