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The fluctuation of the electron temperature has been measured by using the electron cyclotron emission imaging

in the Hefei Tokamak-7 (HT-7) plasma. The electron temperature fluctuation with a broadband spectrum shows that it

propagates in the electron diamagnetic drift direction, and the mean poloidal wave-number kg is calculated to be about

1.58cm™1, or kgps ~ 0.34. It indicates that the fluctuation should come from the electron drift wave turbulence. The

linear global scaling of the electron temperature fluctuation with the gradient of electron temperature is consistent with

the mixing length scale qualitatively. Evolution of spectrum of the fluctuation during the sawtooth oscillation phases

is investigated, and the fluctuation is found to increase with the gradient of electron temperature increasing during

most phases of the sawtooth oscillation. The results indicate that the electron temperature gradient is probably the

driver of the fluctuation enhancement. The steady heat flux driven by electron temperature fluctuation is estimated

and compared with the results from power balance estimation.
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1. Introduction

Particle and energy in a magnetic confinement
tokamak plasma are not so well confined as predicted
by many theories. Electrostatic fluctuation is consid-
ered to be most responsible for the anomalous trans-
port. The heat flux driven by the fluctuation is given
by

3
Qc = QTC + 5T0F07 (1)

where Qr, = 3/2 (ne <TeE~’9>/B) is the heat flux
driven by the fluctuation of electron temperature and
I, = <ﬁeE9> /B is the particle flux, with i, T, and
Ey representing the fluctuations in electron density,
electron temperature and poloidal electric field, re-
spectively. So far, only measurements of the density

fluctuation 7, and the temperature fluctuation To in
the interior of tokamak plasma have been obtained
with a high spatial resolution by using different diag-
The poloidal electrical field fluc-
tuation Ejy lacks adequate sensitivity in measurement

nostic techniques.

and is usually estimated from 7, based on Boltzmann
relationship. Furthermore, the phase and the coher-
ence between Te and E@ need to be simultaneously
measured, however, they have not been measured si-
multaneously yet so far. Hence, only the upper limit
estimation of Qr, in expression (1) can be obtained
from 7, and T, if a perfect correlation between them
is assumed. The relationship between fluctuation and
anomalous transport is understood only when 7, T.
and Ey can be measured simultaneously.

The electron temperature fluctuation was mea-

*Project supported by the National Natural Science Foundation of China (Grant No 10335060), PRC-US Fusion Cooperation
Program (Plasma Physics, Project A-5), and Chinese Academy of Sciences and Japanese Society of Promotion of Science (CAS-

JSPS) Core University Program in Plasma and Nuclear Fusion.

TE-mail: xyxu3@mail.ustc.edu.cn

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



1154 Xu Xijao-Yuan et al

Vol. 18

sured for the first time on the Texas Experimental
Tokamak Upgrade (TEXT-U)[ and Wendelstein 7-
AS (W7-AS) stellarator?! by using a technique cor-
related with the electron cyclotron emission (ECE).
On TEXT-U the correlation radiometry of ECE
(CRECE) correlates the emission of two largely over-
lapping sample volumes in two disjoint frequency
bands to uncorrelated noise. They obtained a fluctua-
tion level of about 1% for TC/TC. On W7-AS, the same
ECE emitting plasma volume was observed by using
two separated but identical radiometers. When the
angle between them exceeded a minimum, the cross
correlation function of the two radiometers uncorre-
lated the noise. The electron temperature fluctuation
was at a level as low as about 0.5%. Experimental
results obtained above show that a similar broadband
spectrum feature covers over hundreds of kHz with
the centre of the spectrum at about 50-100kHz. The
centre shift of the spectrum was also investigated and
found to be dominated mainly by E x B rotation speed
in the tokamak plasma.

The electron cyclotron emission imaging (ECEI)
is an advanced two-dimensional ECE diagnostic tech-
nique with a spatial resolution of about 1cm, bet-
ter than the spatial resolution of conventional ECE
radiometers particularly in the vertical direction. It
can be used to measure the frequency as well as the
wave number spectrum of the temperature fluctua-
tion. The ECEI system has been developed and ap-
plied on the TEXT-U,Bl RTP the Toroidal Ex-
periment for Technology Oriented Research (TEX-
TOR) tokamaks®>fl as well as the Large Helical De-
vice (LHD)["l for the temperature fluctuation mea-
surement. So far, an electron temperature fluctua-
tion of about 1% has been found on tokamaks TEXT-
U8l and RTP.[ By using the ECEI in TEXT-U,
the poloidal wave number and statistical dispersion
relation of temperature fluctuations in the core of the
tokamak plasma were obtained, which accorded with
theoretical calculations of the electron drift wave tur-
bulence including a proper radial electric field.

In order to get an insight into the mechanism
of the temperature fluctuation, the scaling of tem-
perature fluctuation with VT, has been investigated
in most experiments. The experimental results show
that the fluctuation amplitude increases in the radial
direction in the core of plasma. The temperature fluc-
tuation scales into Te/Te o 1/kgLre, which is the so-
called mixing length scale predicted by most theories
on the electrostatic transport.

The sawtooth is a periodic phenomenon, which is
characterized by a sudden drop of the electron temper-
ature in the plasma core region and a resulting ramp of
the electron temperature outside the sawtooth inver-
sion radius. The electron temperature gradient varies
periodically with the sawtooth oscillation, which pro-
vides a way to have a deeper insight into the mech-
anism of temperature fluctuation. Temperature fluc-
tuation due to the sawtooth heat pulse at high fre-
quencies (about 50-250kHz) was studied for the first
time by using the CRECE on TEXT-U.[ Similarly,
density fluctuation due to the sawtooth oscillation was
also found and studied on several other devices. The
increasing of the density fluctuation due to the saw-
tooth heat pulse in the region with ¢ = 1 radius has
been found and studied by laser scattering experimen-
tally on both the TFR (Tokamak Facility of Fontenay-

[11,12]

aux-Roses) and Tore Supra tokamaks. Moreover,

a similar phenomenon was also found and studied in
microwave scattering experiment on the TEXTOR.[*%]
The remainder of the present paper is organized as fol-
lows. In Section 2, the ECEI system setup is briefly
described. Presented in Section 3 are the experimental
results including the electron temperature fluctuation
observed on HT-7, the scaling of electron tempera-
ture fluctuation with electron temperature gradient,
and the energy transport. Finally, the findings of the

present study are summarized in Section 4.

2. ECEI system setup

The experiment is performed on the HT-7 toka-
mak, which is a superconducting tokamak with a ma-
jor radius of 1.22m, a minor radius 0.27m, and a
circular poloidal limiter. The measurement reported
herein takes place under the pure ohmic discharge at
the following typical parameters: toroidal magnetic
field B, = 1.9T, plasma current I, = 150kA, cen-
tral line-averaged density fie = 1.9 x 10 m~3, edge
safety factor ¢, =~ 3.8, Zeg ~ 4, electron tempera-
ture To, ~ 0.8-1keV and ion temperature Ti, ~ 0.35—
0.4keV in the core.
file for a typical shot is shown in Fig.1. The profile

The electron temperature pro-

is obtained by using three diagnostic techniques, i.e.
the soft-x ray pulse height analyser (PHA) for mea-
suring the temperature in a region of r/a < 0.3, the
16 channel heterodyne radiometer for ECE measure-
ments, thereby mainly measuring the temperature in
the high field side, and the ECEI for acquiring the
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temperature information in the gradient region on the
low field side. The relative electron temperature mea-
sured by the ECE radiometer and ECEI are multiplied
with proper coefficients, respectively. The fitting re-
sult is T, = 0.94exp{—[(p — Ap)/0.45]?} keV, where
p = r/a and Ap = 0.01. Studying the fluctuation
indicated with the shading area in Fig.1 is the main
point in this paper.
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Fig.1. Profile of electron temperature T, measured by us-
ing PHA, ECE and ECEI diagnostic techniques.

In the conventional ECE radiometry utilized is a
single receiver located in the tokamak mid-plane to
receive the ECE radiation, while used in the ECEI
system are imaging arrays as the receiver /mixers. The
second harmonic x-mode ECE radiations from distinct
horizontal plasma chords pass through a specially de-
signed lens system and focus onto each element of the
detection imaging array, which is aligned along the
vertical (E field) direction. Radiation at the same fre-
quency is measured by using the ECEI system; hence
the vertically aligned sample volumes at the same hori-
zontal position in the plasma are diagnosed. The hor-
izontal position of the sample volumes expressed in
major radius can be derived from Ref.[14] and repre-
sented as R « nBy fLo, where the harmonic number of
the collected x-mode ECE radiation n = 2 in our case,
By is the magnetic field strength at the magnetic axis
of the tokamak, and fro is the local oscillator (LO)
frequency.

Figure 2 illustrates the ECEI system used on HT-
7. The ECEI system is comprised of an imaging array
with 16 detectors, some imaging lenses, a local oscil-
lator and its power coupling optics, a signal process-
ing electronic device and a data acquisition system.
The horizontal position of the sample volumes can
be scanned by changing the toroidal magnetic field
or manually regulating the LO frequency (between 95

and 108 GHz) during discharges. Meanwhile, a good
optical focus on the sample volumes can be obtained
mainly by adjusting the location of the middle big
imaging lenses in Fig.2. The details of the system can
be found in Ref.[15] and will not be repeated here.

mixer /receiver

array °
Bea—! HT-7 tokamak
gunn
oscillator

Fig.2. Schematic diagram of the ECE imaging system im-
plemented on HT-7 tokamak.

The vertical positions of the individual horizontal
sight lines and the beam patterns on the focal plane
of the ECEI system have been measured in advance

(15] Tn the vertical

before its being mounted on HT-7.
direction (E-plane), the spacing between neighbour-
ing sample volumes is about 1.1 cm and the 1/e spot
size of the individual horizontal sight lines is about
0.9-1.5cm. Hence, the upper limit of the poloidal
wave-number resolution kg = w/dg for the system
can be estimated to be about 2.1-3.5cm™!. In the
horizontal direction, the sample volume size is re-
stricted by the radio frequency bandwidth as well as
the radiation bandwidth which arises from the mag-
netic field gradient, the Doppler broadening, and the
relativistic broadening. The characteristic 1/e fold-
ing sample volume d, is about lcm in that direc-
tion, i.e. d; ~ lcm. Two-fixed-point correlation
method is convenient and commonly used in esti-
mating the wave-number spectrum of the fluctuation.
The fluctuation in the plasma propagates from one
point (z1) to another point (x2) with a separation
d = x9 — x1 in between, which gives rise to the cor-
relation between the fluctuation quantities measured
at the two points. The quantities measured at the
two points include fluctuation quantities and noise,
which can be represented by S; = Tol(t) + 11 and
Sy = Tcg(t) + N, respectively. The relation between
the fluctuation quantities is Too(t) = aTei(t — D),
where D is the time delay between x; and xs2, and «
is the attenuation factor due to the finite correlation

length. The cross correlation function between the
—00

two points is given by Rg, g,(r) = / S1(t)S2(t +
o0

7)dt. The radiation wave noises in S7 and Sa, rep-

resented by n1 and ns, have much shorter correla-
tion lengths, i.e. Rz, 7,(7) = 0 and R; 7, (T)izj =
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0. Hence, correlation of the signals at the two

points yields time-averaged fluctuation: Rg g,(r) =
—o0
Rf 7., = a/ Te1(t)Te1 (t 47— D)dt, which reaches
a maximum value at a time delay of D. The cross
power spectrum is given by Gia(w) = 1o (w)Tea(w),
which is related to correlation function by Fourier
— 00
transform as Giz(w) = / Rs,s,(T)e™*Tdr.  As
a result, the cross power Osopectrum is obtained as

G12 / R5152 jWTdT = a|Tel(w)|2€7jWD

with Tel)g( ):/
‘2

of cross power spectrum is |Gia(w)| = a’Tel(w) :
—wD =
—k(w)d yields the propagating phase

Te1o(t)ei¥tdt. The amplitude

oo

while the phase angle arg(Gia(w)) =
—wd/vpn =
speed vph, the wave-number and the dispersion rela-
tions k(w) of the fluctuation.[®!

3. Experimental results

3.1. Electron temperature fluctuation in
HT-7

Figure 3 shows the T. cross power spectrum and
the dispersion relation measured by the pair of the
ECEI channels with a poloidal separation of 2.2cm
near the mid-plane at r/a = 0.59. The spectra are

10—9

)2
s auul

(Te/Te

10710 F

auul

statistilcal noisel level

10711........ saaal s a0l a0
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(w/2m)/kHz

calculated by using the fast Fourier transform (FFT)
technique with a frequency resolution of 7.8 kHz and
ensemble averaging over more than 30,000 realizations
They
are comprised of the flat-top phases of five iden-
The statisti-
cal noise level of the power spectrum in Fig.3(a)

by overlapping 50% for adjacent ensembles.
tical discharges of totally about 2s.

and the error bars of kg in (b) are calculated from

NGy (D = [Gay(N)l/ray()y/a and Ay, =
sin ([ = 72, (/)]Y2/|ray (/)|V/20), where the esti-

mation of the coherence function is represented by
Yoy (f) = |Gzy(f)] \/ﬁ ng is the number
of ensemble averaging realizations and ¢, is the phase
angle of the cross power spectral density Gg,(f ).[47]
The mean poloidal wave-number weighted by the
power spectral density, kg, is calculated from 20 to
250 kHz to be 1.58 cm ™, or kgps ~ 0.34. The fluctua-
tion propagating in the electron diamagnetic direction
and the wave-number estimation of about kg ps = 0.34
(where p, = pi(Te/T;)"/?, and p; = (m;T;)'/?/eB is
the ion Larmor radius) indicate that the fluctuation
should be caused by the electron drift wave instabil-
ity. Note that the cross power spectrum drops off
near f = 7T0kHz, causing a larger error of the wave-
number, and then it rises again at higher frequencies.
This may be caused by an aliasing effect at wavenum-
ber kg = 7/d ~ 1.5cm ™}
f ~70kHz in Fig.3(b).

, which is corresponding to

Kp/cm

0 (P IR S U U T U U U ST U SN [ N O e

0 50 100 150 200 250
(w/2m)/kHz

Fig.3. (a) Power spectral density and (b) statistical dispersion relation measured by a channel pairs with a

poloidal separation of 2.2cm near mid-plane at r/a = 0.59, under a pure Ohmic discharge with I, = 150kA

and central line-averaged density ne = 1.9 x 101°

For the electron drift waves, the dispersion rela-
tion is
wr = wel1/(1+ kjp3)] (2)

= k¢T./eBL, and L, = —ne(dne/dr)~!
that is the electron density scale length. The cold

where w}

m~3. The data are from shots 84295 to 84322.

ions (i.e. T; = 0) are assumed to be in this mode.
The dash dotted curve in Fig.3(b) shows the disper-
sion relation as expressed in expression (2) where the
electron density scaling length is about —0.1m, and
electron temperature is about 0.25keV. However, the
radial electric field gives rise to an E x B Doppler shift
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of the mode frequency, i.e. W = Wedqw + WwExB. The
modified drift wave dispersion relation with consider-
ing Doppler shift is shown as the long-dashed curve
(see Fig.3(b)), which accords with the measurement
line well from 0 to 170kHz, indicating inward electric
field F;, ~ —6kV/m. This value is reasonable since
E, =~ —4kV/m was determined by heavy ion beam
probe (HIBP) measurements of the plasma potential
in TEXT-U.I'® Since the statistical dispersion rela-
tion is dominated mainly by the Doppler shift, thereby
preventing the drift wave frequency from being identi-
fied, it provides a good estimation of the actual electric
field.

Similar results are obtained, with the vertical lo-
cation of the sample volumes moved from r/a = 0.49
to r/a = 0.59 by changing the magnetic field. The
modification is that the mean phase speed decreases
and the centre frequency for the broadband spec-
trum shifts toward lower frequencies. The mean phase
speed V,n and mean frequency f weighted by power
spectrum from 100 to 250 kHz as a function of location
are shown in Fig.4. As can be seen, f decreases from
r/a = 0.49 to 0.59 in plasma with almost the same
tendency as that of V. We can infer that the elec-
tric field becomes less negative outward in the plasma,
and causes the Doppler shift to decrease, which is the
dominant source of the centre frequency shift of the
broadband spectrum.

8 (T —rTrrrrrr 7180
o J170
O
g s 4 N
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[ - 150
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Fig.4. Mean phase speed Vpy(solid circle) and mean fre-
quency f (open circle) as a function of location, measured
by the identical channel pair under the same discharge
condition as that in Fig.2.

3.2. Scaling of 7. fluctuation with gradi-
ent VT,

Many theories on the electrostatic transport pre-
dict that in the gradient region the temperature fluc-

tuation should be scaled into so-called mixing length
Te JTe x 1/ lggLTe, where L, is the temperature gra-
dient scale length. Plotted in Fig.5 is the fluctua-
tion amplitude T. /Te integrated over 20-250 kHz ver-
sus the temperature gradient 1/Lz.. As can be seen,
T. /Te increases with 1/L. increasing according to the
mixing length scale qualitatively. It indicates that the
mechanism of temperature fluctuation is related to the
gradient of temperature. To acquire more knowledge
about the mechanism of temperature fluctuation, the
evolution of the temperature fluctuation during the
sawtooth oscillation is investigated.
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Fig.5. Relationship of temperature fluctuation amplitude
with electron temperature gradient 1/L7, under the same
discharge condition as that in Fig.3.

The sawtooth oscillation is characterized by a pe-
riodic fast heat loss in the core plasma region. In
the core, the electron temperature ramps up slowly
in most of the sawtooth period while crashes down
quickly in the remainder. The crash transports the
heat out, thus the temperature outside the core ramps
up quickly and then drops off slowly as the heat is dis-
sipated. The electron temperature fluctuation at high
frequencies, rising prominently due to the sawtooth
heat pulse propagating outside the core, was found
and studied for the first time by CRECE on TEXT-
U.[L10] The data there are subdivided into 8 bins rep-
resenting different phases of the oscillation. All phases
are relative to the local discontinuous rise in electron
temperature at the measurement location. The data
in each phase bin is Fourier analysed to produce the
time-averaged cross power spectrum for each sawtooth
phase. Successive sawtooth phases are treated simi-
larly, and the spectrum of each sawtooth phase is en-
semble averaged over many sawtooth oscillations to
obtain the requisite statistics. To study the fluctua-
tion due to the heat pulse in HT-7, a similar method
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is used except for some differences shown below. Saw-
tooth phases are divided according to the discontinu-
ous change in soft-x ray sawtooth signal in the plasma
core region. As irregular sawtooth periods may bring
about more noises, the sawtooth oscillations with peri-
ods exceeding +5% of the mean sawtooth period that
is about 2.2ms are discarded.

Figure 6 depicts the evolution of cross power spec-
trum of the temperature fluctuation outside inversion
radius under the same discharge condition as that of
Fig.3. Each sawtooth phase spectrum incorporates
about 50 sawtooth oscillations representing an average

0 50 100 150 200 250
(w/2m)/kHz

time of 100 ms. The convention indicated in Fig.6(a)
shows the sawtooth phases. The phases are labelled
with capitals from A to H, where A represents the
crash phase while H represents the phase just before
the next crash. In Fig.6(a), only the spectra of the
four typical phases: A, C, E and G are shown. The
statistical noise level represented with dashed line is
calculated according to mean (A — H) data. From a
comparison among the spectra of the four phases, we
can easily see a prominent broad spectrum between
about 100 and 170kHz at phase C.

o 10~?
o
S
< 10-10
10— 11
0 50 100 150 200 250
(w/2m)/kHz

Fig.6. Evolutions of the spectrum of temperature fluctuation during a sawtooth oscillation under the same
discharge condition as that in Fig.3. Here only the spectra of 4 typical phases A and C (a), E and G (b) are

shown, and the statistical noise level represented with dashed lines is calculated by averaging the data from A

to H.

In order to understand the turbulence enhance-
ment, the relation between integrated fluctuation and
temperature gradient 1/Ly, during the eight phases is
studied (Fig.7). The value of 1/Lt, for each phase is
an average over corresponding parts of all the saw-
tooth oscillations. As shown in Fig.7, as the heat
pulse propagates outside the inversion radius initially,
the temperature gradient increases quickly from A to
C, and the fluctuation magnitude also increases. As
the heat pulse is dissipated, the temperature gradient
drops off slowly from phases C' to G, while the fluc-
tuation magnitude reduces almost linearly with the
temperature gradient decreasing. The steepest tem-
perature gradient in phase C' corresponds to the high-
est fluctuation magnitude. In Fig.7, the temperature
fluctuation increases with the temperature gradient
increasing during most phases of the sawtooth oscil-
lations. It indicates that the temperature gradient is
probably the driver of the turbulence enhancement.

If we compare Fig.5 and Fig.7, it seems that they
are contradictive: in the global scaling of T. /Te versus
1/Lt,, the fluctuation is enhanced a little for a large
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Fig.7. Relationship between fluctuation amplitude and
temperature gradient during 8 sawtooth phases corre-
sponding to the case of Fig.6, where the amplitude is ob-
tained by integrating the fluctuation spectrum between
20-250 kHz.

increment in temperature gradient, while during the
sawtooth oscillation, on the contrary, the fluctuation
rises significantly for a small increment in temperature
gradient. It seems that the fluctuation enhancement
during the sawtooth crash is related to the profile re-
silience, above which a small change in temperature
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profile will lead to a tremendous increase in fluctua-
tion amplitude to restabilize the profile.

3.3. Energy transport

In order to understand the relationship between
fluctuation level and heat transport, the maximum
heat flux resulting from the measured temperature
fluctuation should be compared with the heat flux es-
timated from the power balance consideration. The
maximum of the electrostatic fluctuation driven elec-
tron heat flux containing T, can be derived from the
first term in expression (1)1

Qr. =

§ Ne <T0E9> . §]7€9’I’LeT62 € (3)
2 B, 2 eB, T.T.

where the ensemble average ( ) is replaced by the root
mean square (RMS) value of the fluctuations on the
assumption that the phase angle between T. and Ey
8| /T is
1% similar to that in TEXT-U,' %y ~ 1.58 the same
as that mentioned in Section 3.1, and Te/Te is esti-

is zero for maximum heat flux. If the ratio e

mated to be 0.54% as a maximum fluctuation level,
then the maximum heat flux expressed by expression
(1) gives about 1.2 kW /m? from the measured temper-
ature fluctuation in HT-7. It is much smaller than the
heat flux Q. ~ 11kW/m? estimated from the power
The difference between Qr,
and @, could be caused mainly by the contribution of

balance consideration.

the convected heat flux [the second term in expression
(1)]. Moreover, the estimation of kg, T, and e ‘(;3’ /Te
may induce a variation in predicted maximum heat

flux expressed by expression (1).

4. Summary

A magnitude of electron temperature fluctuation,
as low as about 0.5%, is found by ECEI on HT-
7 tokamak. The fluctuation with a broad spectrum
propagates in the electron diamagnetic drift direc-
tion. The mean poloidal wave-number is calculated
to be Iggps ~ 0.34. These results reveal that the fluc-
tuation is due to the electron drift wave turbulence.
The spectrum drops off near f ~ 70kHz, resulting
in a larger error of the wave-number, and then rises
again at higher frequencies, which is probably caused
by an aliasing effect. The frequency shift of the high-
frequency broad mode shows a tendency almost the
same as that of the variation in phase speed when
the horizontal location of the sample volume moves
outward. It indicates that the frequency shift is due
mainly to the Doppler shift.

The fluctuation magnitude shows linear scaling
with the gradient of electron temperature, which is
consistent with the mixing length scale qualitatively.
Moreover, the temperature fluctuation increases with
the electron temperature gradient increasing during
most phases of the sawtooth oscillations. These results
indicate that the gradient is probably the driver for en-
hancing the turbulence. The electron heat flux driven
by the maximum temperature fluctuation is found to
be much lower than the heat flux obtained from the
power balance consideration. It could come mainly
from the contribution of the convected heat flux.
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