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Abstract
Correlation between electron heat diffusivity and short wavelength (kp; ~ 5) fluctuation

amplitude was observed in the TFTR tokamak in the core of ERS plasmas[1]. These

fluctuations propagate in the ion diamagnetic drift direction with wave number
comparable to w,./c. Further analysis of these datayields the ratios X /x; and X /D, and
their values are consistent with the picture that the electron transport is mainly induced by
the short wavel ength fluctuations in the plasma core where the long wavelength (kp; ~ 1)
fluctuations are absent. Although there is not enough information to identify these short
wavelength modes, the values of X, is found to be comparable to theoretical predictions

based on the current diffusive ballooning mode theory [2].

PACS: 52.25.F; 52.25.Gj; 52.35.Ra; 52.55.Pi



Anomalous electron transport is along-standing problem in magnetic plasma
confinement devices. While major advances were made in the past decade in the control
of ion transport by velocity shear [3], transport through the electron channel remains a
mystery. During the final year of TFTR (Tokamak Fusion Test Reactor) operation, it was

discovered that in the core of ERS (enhanced reversed shear) plasmas [4], variation of the

local X, during high power neutral beam injection correlates with the short wavelength

(kp; ~ 5) fluctuation amplitude measured by microwave scattering [1]. These fluctuations

propagate in the electron diamagnetic drift direction in the laboratory where the plasmais
not stationary. After Doppler shift correction, they propagate in the ion diamagnetic drift
direction in the plasmaframe of reference. Preliminary results were published in 1997
[1]. The Doppler shift correction was based on a poloidal flow velocity calculated from
neoclassical transport theory. Direct determination of the poloidal velocity [5] was
performed later, and the initial measurements contradict neoclassical predictionsin a
variety of TFTR discharges. If these results were correct, it might have altered the
propagation direction of these fluctuations in the plasma frame of reference. After many
lengthy debates and detailed analysis, it was discovered that the gyromotion of the
impurity ions and the finite life time of their energy states should be included in the data
analysis of the rotation measurement [6]. With the atomic physics correction properly
included, the measured poloidal flow velocity becomes consistent with neoclassical
theory. Thisis still an on-going process; up to this point, no contradiction has been found
between measurements and calculations, i.e., the previous published result [1] still stands.
Further analysis of the TFTR data suggests that the short wavelength fluctuations play a
role in electron transport in the core of ERS plasmas where the ion transport obeys
neoclassical theory. These are very rare, high quality data obtained with the state-of-the-

art diagnostics, analyzed by the state-of-the-art analysistools. Although the information



at hand is not sufficient to identify these fluctuations, the results presented here constitute
asmall step towards the understanding of this very complicated problem.

The experiment was performed in TFTR in the enhanced confinement regime

with the following parameters: |,=1.6 MA, B;=46 T a R=26m,a=0.94m, T,(0) <

8 keV, T;(0) < 26 keV. Waveforms for various plasma parameters and data from
microwave scattering were presented in an earlier paper [1]. High power neutral beam
injection took place at 2.5s< t < 2.9s. Transport analysis by the TRANSP code yields the

evolution of the electron heat diffusivity profile shown in Fig. 1. The changesin X, after
3.0s were due to MHD activities associated with q,,,,,= 2.0. Thisis outside the scope of

this paper. Our main interest hereisin the rise of X, in the plasma core immediately after

the high power neutral beam injection. Since TRANSP is avery complicated computer
code, it would be more convincing to demonstrate these features directly from the
electron temperature profile. Figure 2a shows the raw electron cyclotron emission (ECE)
datafrom agrating polychrometer. The calibration of thisinstrument has been carefully
and repeatedly checked to ensure high data quality. Electron temperature in atokamak is
aflux function. After the plasma equilibrium is constructed, the electron temperature on
various flux surfacesis plotted in Fig. 2b. TFTR plasmas have circular cross section, and

the plasma minor radius is commonly used as the label for flux surfaces. Att=2.60s,
flat regionsin T(r) developed in the plasma core as well as in the neighborhood of r/a=
0.4 which correspond to the same peak locations at 2.6 sin Fig. 1. From these data, one
can see that although the sharp spikesin Fig. 1 are spurious, therisein x, around 2.6 sis

evident from the changesin the spatial gradient of the T, profile.

In ERS plasmas, reflectometry measurements show that I TG-type (ion

temperature gradient) fluctuations are absent in the plasma core (r <r,;,) [7]. Due to orbit

averaging effects, these short wavelength fluctuations can only influence electron



transport, but not ion transport because kp; >> 1. Therefore, one would expect X J/x; >> 1
forr <r., | TG-type fluctuations are present outside the plasma core [7]; they should
have similar effects on the ions and the electrons in the strong turbulence limit because
the two species have the same ExB drift velocity. Therefore, one would expect X, /x; ~ 1
forr >r.,,. These features are evident in the result depicted in Fig. 3a. Inside the plasma
core, the plasmaion diffusivity D, is very small (near the neoclassical value). Due to

charge quasi-neutrality, the electron diffusivity D, should also be very small. Therefore,

XJ/De >> 1 isexpected for r <r . Thisfeatureis evident in Fig. 3b. All these results are

consistent with fluctuation-induced plasma transport.
Electron transport in magnetic confinement devicesis avery important and very

complicated problem. The information at hand is not sufficient to identify these modes.
The observed density fluctuations have k ~ w, /c. In the plasma frame, these fluctuations
propagate in the direction paralel to the ion diamagnetic drift with afrequency in the
range of (0.1-0.2) w.; where w.; is the ion diamagnetic frequency. While we cannot rule

out other possibilities here [8], the observed wave number, the mode frequency and the

direction of propagation are quite similar to the current diffusive ballooning mode

(CDBM) [2]. Therefore, we compare the measured X(r) with the predictions based on
CDBM theory and find reasonable agreement in the plasmacore (r <r,,,,). Atr=r..,
the magnetic shear vanishes, and the formula for x(I1F) no longer applies; this explains

the large discrepancy between X (I1F) and X (TRANSP) at thislocation. At r/a> 0.6, long

wavelength fluctuations are expected to play a dominant role so that the measured X, is

higher than CDBM prediction.



The TFTR experiment was carried with kgp; ~ 5. Justification is needed for the

applicability of the formulaof X, in [2], which was derived in the absence of finite-

Larmor-radius (FLR) effect of ions. The FLR effect on the CDBM turbulence has been

studied recently [9]. This effect causes the coupling with drift waves. These fluctuations

propagate in the ion-diamagnetic drift direction for kgp; >> 1, and the real frequency is of

the order afew tenth of the ion-diamagnetic drift frequency. The FLR effect of ionstends
to stabilize the linear ballooning mode. However, the nonlinear terms are aso affected.
The suppression by FLR effect primarily works for the ion transport, including the
viscosity, so that the nonlinear stabilizing effect is also reduced. Nonlinear destabilization
through turbulent current diffusivity is affected to aless extent. When all these effects are
considered, the selective loss of electron energy remains in the presence of FLR effect,

and the level of anomalous electron energy transport remains comparable to the case with

kop; << 1. Details of these theoretical analysiswill be reported elsewhere [10].
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Fig. 2

Fig. 3
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Figure Captions

Evolution of x(r) from TRANSP analysis. High power neutral beam injection

takes place from 2.5s to 2.9s. ¥, in the plasma core goes up immediately after the
high power injection. It drops after ERS transition.
The variations in X, can be confirmed from the raw data of €lectron temperature

profile. High X, is associated with the flat temperature profile. (a) Raw ECE data

of T, vsR. (b) Electron temperature profile after equilibrium construction with the
Shafranov shift properly included.

(a) Radial profile of x/x;. (b) Radial profile of x/D,.

Comparison between experimentally determined x(r) analyzed by the TRANSP

code and calculated values based on the CDBM theory [2].
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