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FLUCTUATIONS AND CONFINEMENT IN ATF
R. C. Isler, J. H. Harris, M. Murakami and the ATF Group

Abstract

In the period immediately prior to the suspension of ATF operation in November, 1991,
a great deal of emphasis was palced on investigations of the fundamental mechanisms
controlling confinement in this device. At that time, measurements of the density fluc-
tuations throughout the plasma volume indicated the existence of theoretically predicted
dissipative trapped electron and resistive interchange instabilities. These identifications
were supported by results of dynamic configuration scans of the magnetic fields during
which the extent of the magnetic well, shear, and fraction of confined trapped particles
were changed continuously. Interpretation of the data from these experiments has been
an ongoing excercise. Most recently, analysis of discharges employing strong gas puffing
to change density gradients and fluctuation levels have strengthened the view that dissi-
pative trapped electron modes may be present but do not play a significant direct role in
energy transport. The present paper summarizes the current understanding concerning
the identification of instabilities and their relationship to confinement in ATF.

I Introduction

Theory indicates that, in the absence of magnetic islands, the electron thermal diffu-
sivity in ATF is controlled by four mechanisms which dominate the transport in different
regions of the plasma. For the normal flux surface configuration these processes are: (1)
neoclassical transport from p =s 0.0 to 0.2; (2) dissipative trapped electron (DTE) modes
from p «s 0.2 to 0.7, provided there exists some means of maintaining a density gradi-
ent in this region; (3) resistive interchange modes from p % 0.7 to 1.0; and (4) radiation-
or ionization-driven thermal instabilities beyond the last closed flux surface at p = 1.0.
One of the major experimental efforts during the period just prior to the suspension of
ATF operation in 1991 was the characterization of density fluctuations to determine if
the theoretical picture was correct. The experiments were carried out using 200 - 400
kW of 53 GHz gyrotron heating. Under these conditions the electron temperature profile
is peaked with a central temperature near 1 keV. The line average densities are about
5 x 1012 cm"3 and the profiles tend to be flat or slightly hollow inside p = 0.8. All re-
sults discussed here are from experiments in which no limiter biasing was employed.

Density fluctuations have been investigated using several types of diagnostics.1 Mea-
surements in the extreme edge and the scrape-off layer are made with Langmuir probes2;
from p = 0.8 to p = 0.95, two-frequency refiectometry has been exploited3; and in the
plasma interior, a 2mm scattering system4 and a heavy-ion beam probe5 have provided
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the data. Correlation of the fluctuations with observed confinement properties of the
plasmas having various magnetic configurations has provided strong evidence for the ex-
istence of resistive interchange modes and dissipative trapped electron modes.8'7

II The Gradient Region

The measured density fluctuation levels (n/n) are shown in Fig. 1 as a function of re-
duced minor radius. The fluctuation amplitudes are less than 1% in the plasma interior,
but grow to several percent at the plasma edge. They continue to increase outside the
last closed flux surface, attaining a level as great as 50% at p = 1.2.

Inside the magnetic-well region, which under most operating conditions extends from
the magnetic axis to p = 0.6, resistive interchange modes should be stabilized; outside
this radius there exists a magnetic hill, and density fluctuations are predicted to be ob-
servable. The linear and nonlinear calculations for the theoretical fluctuation levels8 are
shown in Fig. 1 for comparison with the measurements in the standard magnetic con-
figuration. The general behavior of these curves as a function of p agrees well with the
experimental observations, and the absolute magnitude is within the combined uncer-
tainties of the theory and experiment. This close agreement suggests that the resistive
interchange modes could be responsible for the fluctuations in the plasma gradient re-
gion. It should be noted that these modes are driven by the helical curvature and are
expected to dominate in the edge over the resistive ballooning modes that are driven by
the relatively weaker toroidal curvature.

The tentative identification of the resistive interchange modes is strengthened by the
results of magnetic configuration scans that vary the extent of the magnetic well region.
Because of the versatility of the vertical-field coil set, these scans can be performed dur-
ing a 5 - 10 second discharge without changing either the fraction of confined trapped
particles, which drive the DTE modes, or the linked flux. However, the magnetic shear
does change simultaneously.6 >T

Figure 2 shows the variation of several plasma parameters during a well/shear scan
in which the trapped particle fraction is kept nearly constant at 0.6. The temperature
is measured by electron cyclotron emission (ECE) at 9 cm above the magnetic axis. It
more than doubles as the well radius expands from p = 0.3 to p — 0.6, and the stored
energy WP increases by 50%. This improvement of plasma parameters with increasing
well radius supports the idea that resistive interchange turbulence is responsible for the
fluctuations and transport outside the volume occupied by the magnetic well and also
indicates that these instabilities may play a dominant role in controlling the global con-
finement. It should be noted that the shear decreases as the well expands, but the shear
is most effective in stabilizing ideal interchanges9 whereas the magnetic well is effective
in stabilizing the resistive interchanges.

Il l The Core Region

In contrast to the strong dependence of temperature and stored energy on the extent
of the magnetic well, little change in plasma parameters is induced by varying the frac-
tion of confined trapped particles while keeping shear and well volume constant. This re-
sult is illustrated in Fig. 3 where density, temperatures, and stored energy as a function
of trapped particle fraction are plotted. The data are taken from two different discharges



because the direction of currents in the vertical field coils must be reversed in order to
cover the complete range. The densities and temperatures are not exactly the same for
the two discharges, but their product, the stored energy, is nearly identical in both cases.
Changing the fraction of confined trapped particles while keeping the line average den-
sity constant has little effect on plasma parameters until this quantity becomes greater
than 0.8. However, it is not clear whether the decline of Te and of stored energy above
this trapped fraction reflects a real change of confinement or whether the ECH deposi-
tion profile is being altered significantly at the extreme value of the vertical field. In any
case, the energy content is far less sensitive to the fraction of confined trapped particles
than to the magnetic well radius, an indication that if DTE modes are indeed responsi-
ble for the observed internal fluctuations, they have little influence on transport. This
result, together with the fact that the plasma relaxes to a state where the internal den-
sity gradients are small, suggests that the DTE modes may control the density profiles
by forcing the plasmas to operate at marginal stability.

Theoretically, trapped particles are well confined in ATF only for R < Ro-10 The 2mm
microwave scattering does, indeed, show that the density fluctuations are much larger
on the inside of the magnetic axis than on the outside, although in steady-state plasma
conditions the density fluctuations in the core are always relatively small compared to
those at the edge as shown in Fig. 1. If the fluctuations in the core region do indeed
arise from DTE modes it is not surprising that they are weak in view of the small den-
sity gradients. Another feature of the core fluctuations that points to an identification
with DTE modes is the fact that they are observed to propagate only in the electron
diamagnetic direction as expected for electron drift waves.

In order to explore whether any other aspects of the core fluctuations could be asso-
ciated with DTE modes, transient gas-puffing experiments were performed to change
the density profile in the standard magnetic configuration.11 Figure 4a shows the evo-
lution of the line averaged density and and central temperature around the time of the
gas puff, and Fig 4b demonstrates the changes of the density profiles during this period.
The gradient of the profile around p = 0.7 changes from positive to negative as a result
of the rapid fueling; this gradient is plotted in Fig. 5 together with the time history of
the fluctuation signal strength for two different wavenumbers. It is clear that the fluc-
tuation level increases by factors of 5 - 10 while the slope of the density profile at this
radius changes sign. These rapid increases are observed only in scattering volumes that
lie at least partially in the region R < Ro where the trapped particles are confined.

Further evidence for this association is shown in Fig. 6 where a comparison of the ex-
perimental fluctuation amplitudes as a function of wavenumber with theoretically pre-
dicted growth rates is shown. The growth rates are calculated for both helical10 and
toroidal12 DTE modes at the time when Vn is most negative at p = 0.7. The similar-
ities between experiment and theory are quite striking. The toroidal branch is calculated
to have a maximum value of k s; 8 cm—1, and the helical branch is predicted to exhibit
a minimum value of k % 12 cm—1. These features and the well defined gap between the
two branches is quite evident in the experimental data, although it must be pointed out
that the radial resolution is poor for k < 6 cm—1. Also, although v* for the helically
trapped particles is less than unity over most of the plasma, a necessary condition for for
exciting DTE modes, it is positive for the toroidally trapped particles.



IV Summary

The edge, gradient, and core regions of ATF plasmas appear to be dominated by dis-
tinctly different instabilities. Density fluctuations, h/n, at p > 1 are 10 - 50 %. The
driving mechanisms are not well defined, but the characteristics of this region are sim-
ilar to those found in the edge region of tokamaks, and it is believed that some atomic
process such as radiation or ionization may be the controlling factor. Resistive inter-
change modes are promising candidates for the dominant instabilities in the gradient
region from p ^ 0.8 to p ^ 1.0. The fluctuation amplitudes agree well with theoretical
calculations and the global energy confinement is known to be strongly dependent on the
spatial extent of the magnetic well which is the primary influence on stabilization of the
resistive interchange. The behavior of fluctuations in the core region is consistant with
expectations for DTE modes. Distinct spectral features are observed only from plasma
volumes where trapped particles are confined and the threshold of the wavenumber spec-
trum is in excellent agreement with recent theoretical calculations. Plasma confinement
is insensitive to the fraction of trapped particles that are confined, but it is possible that
the DTE modes constrain the core density profiles to be nearly flat.
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Fig. 1. Normalized density fluctua-
tions as a function of radius.
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Fig. 2. Time development of ATF
plasma parameters during well/shear
modulation in which the fraction of con-
fined trapped particles is kept constant.
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Fig. 3. Density, temperatures, and
stored energy as a function of the frac-
tion of confined trapped particles. Shear
and magnetic well extent are kept con-
stant during the scans.
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Fig. 4. (a) Temperature and line aver-
aged density evolution following a strong
gas puff, (b) Density profiles before and
during gas puff. The gradient around
p — 0.7 changes sign while the plasma is
being fueled.

Fig. 6. Calculated growth rates and
scattered fc-spectrum as a function of
wavenumber when the density gradient
achieves its most negative value during
gas puffing.
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Fig. 5. Density gradient and scattered
power for two k values as functions of
time at p = 0.7 during gas puff experi-
ment.
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