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Observation of a Localized Transition from Edge to Core Density Turbulence in the TFTR Tokamak
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A localized transition zone is observed between turbulent, long-wavelength density fluctuations
(k1 <2cm™!) in the core and edge of beam-heated discharges in TFTR. The core turbulence is uni-
modal while the edge has two counterpropagating modes, both of which are spectrally distinct from the
core fluctuations. The fluctuation amplitude in the core scales with the global energy confinement time
while in the edge it does not. These observations suggest that distinct modes are responsible for tur-
bulence in the two regions and that only the core mode is directly related to global confinement.

PACS numbers: 52.35.Ra, 52.25.Gj, 52.55.Fa

Understanding anomalous particle and energy trans-
port in tokamak experiments remains one of the principal
outstanding problems in plasma physics [1,2]. It has long
been hypothesized that the observed anomalous transport
is given by turbulent fluctuations. However, the effort to
prove a causal connection between the observed plasma
fluctuations and global plasma confinement and to identi-
fy the responsible modes is still in its early stages [1-5].
In general, the amplitude of density fluctuations in the
edge (defined here as the region just inside the last closed
flux surface) is on the order of 10%-50% and decreases
rapidly to the order of 1% in the core. There is evidence
that fluctuations in both the edge [6,7] and core [4,5] are
responsible for the /ocal anomalous transport. However,
it is not clear how the fluctuations in the two regions con-
tribute to the global confinement. It is also not known
whether the edge and the core fluctuations are due to
completely different instability modes or whether a single
instability is responsible for fluctuations in both regions
(in which case the change in fluctuation amplitude would
be due only to changes in the local drives) [8,9]. The
answer to these questions could have profound implica-
tions for the development of plasma turbulence theory
and further experimental studies.

We report here the first observation of a clear demar-
cation zone between edge and core turbulence in tokamak
plasmas. It is found that the fluctuations in the edge and
core regions of the plasma are uncorrelated and spectrally
distinct from each other, and are thus due to distinct
modes. Only the core mode is found to be directly related
to global confinement.

Beam emission spectroscopy (BES) [10] was used to
measure and compare long-wavelength density fluctua-
tions (in the range k, <2 cm ™! where the dominant
fluctuation power is observed [4,5]) in the core and edge
regions of beam-heated discharges (L-mode and su-
pershot) in the Tokamak Fusion Test Reactor (TFTR).
Clear differences between the edge and core coherency
and cross-phase spectra imply a fundamental difference
between the turbulence in the two regions. For example,
Fig. 1 shows these spectra for a typical supershot dis-
charge [T.(0)=6.5 keV, T;(0)=9.1 keV, n.(0)=4.2
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x10'" m ™3, ga=5.5, Pbeam=14 MW, balanced injec-
tion]. In the core, there is a single mode which propa-
gates in the ion diamagnetic drift direction in the labora-
tory frame while in the edge two counterpropagating
modes are seen: a low frequency mode which propagates
in the ion drift direction (negative cross phase) and a
higher frequency mode which propagates in the electron
drift direction (positive cross phase).

Using this cross-phase information to determine the
fluctuation amplitude of each of the counterpropagating
edge modes (through appropriate frequency filtration), it
is seen that the electron mode is localized to the edge re-
gion and disappears in the core [Fig. 2(a)]. The transi-
tion from the bimodal edge to the unimodal core is quite
abrupt, occurring over a range of 1-2 cm (at r/a = 0.9 in
this discharge).

Fluctuations propagating in the ion diamagnetic drift
direction are observed in both the edge and the core.
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FIG. 1. Poloidal cross power and cross-phase spectra in the
core (a) and edge (b) of a balanced injection TFTR supershot
(Pnp=14 MW).
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FIG. 2. (a) The amplitude of density fluctuations as a func-
tion of radius for the edge ion mode (O), edge fast electron
mode (¢ ), and the core ion mode (0). (b) The wave-number
spectrum in the core region (R=318 cm). (c) The wave-
number spectrum in the edge region (R =320.5 cm).

However, wave-number spectra [4,11] imply that the
edge and core ion modes are distinct. Poloidal wave-
number spectra are typically obtained in two ways: via a
full multipoint correlation analysis or from the autopower
spectrum and the measured toroidal rotation [using the
observation that the autopower spectrum is typically
dominated by the rotation-induced Doppler shift, i.e.,
S (w) == S (kgvyr/qR) where the toroidal rotation velocity,
vy, is measured by charge exchange recombination spec-
troscopy [4]1]. Multipoint correlation analysis can be per-
formed only at certain radii where poloidal detector ar-
rays are positioned while the autopower technique can be
performed at radial locations between the poloidal arrays.

The wave-number spectra throughout the core are
self-similar in shape. The spectra in the edge region are
distinct from those in the core, but are also self-similar in
shape throughout the edge. At a particular radius, which
depends on the discharge conditions, the wave-number
spectra of the fluctuations which propagate in the ion
direction shift abruptly to higher average k in the core
[Figs. 2(b) and 2(c)] as the fluctuations propagating in
the electron direction disappear. The wave-number spec-
trum in the edge [Fig. 2(c)] was obtained by multipoint
correlation analysis while the core spectrum was obtained
from the autopower spectrum. The core spectrum ob-
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tained from the autopower spectrum is essentially identi-
cal to that obtained by full multipoint correlation analysis
slightly deeper in the core (R =312 cm). The multipoint
analysis unambiguously proves that there is indeed a
clear difference between the edge and core wave-number
spectra while the autopower technique is used only to
determine the spatial localization of the transition region.
The radial wave-number spectra show a similar abrupt
shift to higher average k across this transition layer. The
abrupt spectral change is also reflected in the radial
correlation function which is highly asymmetrical near
the transition layer: The edge and core fluctuations show
strong correlation within their respective regions but be-
come totally and abruptly decorrelated with each other
across the 1-2 cm transition layer.

The macroscopic plasma parameters (e.g., tempera-
ture, density, safety factor, and toroidal rotation) vary
smoothly and continuously across this transition. If a sin-
gle ion mode were responsible for both the edge and core
fluctuations then the spectra should also vary continuous-
ly. The sudden change in the spectra thus implies that
the edge and core ion modes are distinct.

The relative velocities of the counterpropagating modes
in the edge are consistently found to be anomalously high -
in both L-mode and supershot discharges. The mode
phase velocities have been obtained both from the cross-
phase spectra and from time-delay correlation analysis
[11]. In the case of Fig. 1 the laboratory-frame velocities
in the edge (R =320.7 cm) are found to be +2.5+0.1
km/sec (ion drift direction) and —5.5 % 0.2 km/sec (elec-
tron drift direction) and thus the relative velocity of the
modes is Av2?»*=8.0=%0.3 km/sec. For drift waves (the
class of instabilities most commonly invoked to explain
plasma turbulence) the plasma frame propagation veloci-
ties are on the order of the diamagnetic drift velocity,
vpi= e,,-/eB‘,L,,t, where L,, is the electron density scale
length and T, is the electron or ion temperature for the
electron and ion drift velocities, respectively [12]. The
maximum expected relative velocity would be for coun- .
terpropagating ion and electron drift waves: AvdY
=|vh|+]|vp|. For this supershot discharge the ion and
electron drift velocities are found to be +2.6 km/sec and
—1.0 km/sec, respectively, and thus AvdY =3.6 km/sec,
which is significantly smaller than the measured relative
velocity (typically, Avl% =2-3 AvdY). The relative ve-
locity of a mode which propagates slowly in the plasma
frame (e.g., magnetic islands [13]) and a counterprop-
agating electrostatic drift mode is on the order of vp and
is thus also expected to be much smaller than the ob-
served relative velocity. This relative velocity of the
counterpropagating modes is independent of the reference
frame and thus the existence of bulk plasma rotations
does not affect this conclusion.

To determine which of the edge modes propagates
anomalously fast, it is necessary to transform the mea-
sured phase velocities from the laboratory frame to the
plasma frame for comparison to theory. ‘“Plasma frame”
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here conventionally refers to that frame of reference for
which the radial electric field is zero (i.e., drift effects on
the mode propagation due to finite density and tempera-
ture gradients are assumed to be accounted for explicitly
in the theory). Thus, the plasma frame phase velocity,
v&',, is given by

E

pl =, lab _ ZF
Uph =Uph .

P P Bw

The radial electric field is not measured on TFTR.
However, if the impurity toroidal rotation is neoclassical
then the measured impurity (carbon) toroidal rotation,
vg, can be related directly to E, [14]. For the case where
the impurity strength parameter, a =n;Z;/n;Z;, is of or-
der 1 and the impurity ions are in the banana or banana-
plateau regimes (which is typically the case for carbon
near the edge-core transition layer in TFTR), the plasma
(E, =0) frame phase velocity is given by [14]

For the case shown in Fig. 1, (Be/Bs)vi=0.1 km/sec
and so ofh'=+2.6+0.2 km/sec and vf*=—5.4%0.3
km/sec. Thus vk’ = vh and vk® = Svh; that is, in the
E, =0 frame the edge ion mode propagates at or near the
ion diamagnetic drift velocity (as does the core ion mode
[4]), while the electron mode propagates at about 5 times
the electron diamagnetic drift velocity.

The propagation of both the core and edge ion modes is
consistent with a number of theories including ion drift
waves (driven, for example, by the ion temperature gra-
dient) and also, possibly, some kinds of MHD turbulence
[13]. The electron mode propagates anomalously fast
and is not consistent with either conventional drift wave
or MHD turbulence theories.

This fast electron mode may be similar to an anoma-
lously fast, long-wavelength electron mode observed in
the core of the medium-sized tokamak TEXT by a heavy
ion beam probe [15]. In both cases the mode propagation
was at least several times that of the electron diamagnetic
drift velocity. The similarity of these observations might
imply that, at least in some respects, the fluctuations in
the core of a smaller, TEXT-class machine are similar to
those at the edge of TFTR. Support for this idea comes
from the observation that, as the central temperature is
lowered in TFTR, the observed position of the edge-core
transition moves monotonically deeper into the plasma.
For example, in a high power supershot the edge-core
transition occurs near the limiter (e.g., at r/a=0.9 in
Fig. 1). As the central temperature is decreased the posi-
tion of the edge-core transition is found to move deeper
into the plasma so that in a relatively cold L-mode dis-
charge [T.(0)=2.5 keV, T;(0)=1.7 keV, n.(0)=3.1
x 10" m 73, qa =7.4] the edge-core transition is observed
at r/a = 0.6 (an inward shift of about 30 cm).

It is possible, if one extrapolates this trend, that in rela-

tively low temperature discharges on TEXT the bulk of
the core plasma may never make the transition to fully
“corelike” behavior as seen in TFTR. This is a point
which requires further study since many important fluc-
tuation studies have been, and continue to be, performed
on smaller machines. Thus the extent to which fluctua-
tions in these experiments are representative of those in a
reactor-relevant plasma is an extremely important con-
sideration.

Though the data presented above are from a supershot
discharge, a localized edge-core transition layer is ob-
served consistently in all the operating regimes which
have been studied with BES in TFTR to date (which in-
cludes a wide range of L-mode and supershot discharges
but no Ohmic discharges).

It is of great interest to clarify the relationship of the
various modes to the overall plasma confinement proper-
ties. Figure 3 shows the relative density fluctuation am-
plitude in the core [8] and edge for a series of L-mode
discharges where the input neutral beam power was
varied to change the global energy confinement time, 7g
(following the usual L-mode power scaling, 7z o P ~1/2).
The fluctuation amplitude in the core clearly scales in-
versely with 7g while the edge fluctuation amplitude is
unrelated to the global confinement. This implies that
only the core mode is directly related to global
confinement in TFTR (though fluctuations are thought to
account for the /ocal anomalous transport in both the
edge and core [4-7]).

If the edge-core transition layer indeed represents the
interface between distinct modes then there may be, by
analogy with phase transitions in thermodynamic sys-
tems, some dimensionless parameter which determines
where the transition boundary occurs. A detailed study
of the transition scaling has not been performed but some
preliminary observations are available. Several parame-
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FIG. 3. The density fluctuation amplitude (from beam emis-
sion spectroscopy) as a function of zg (from a diamagnetic

loop) in the edge and core for a beam power scan in L mode (1
MA, Pggam =2-16 MW).
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ters which have been examined but do not correlate well
with the available data include the bounce-frequency nor-
malized ion collision frequency v;*, plasma pressure S, the
magnetic safety factor g, and the fueling neutral penetra-
tion depth. Two parameters have been found which can
reproduce the position of the edge-core transition layer
within experimental errors: the position of the v; =1
surface and the surface at which the strongly radiating
halo of carbon burns out [viz., where Pq(r)/PEG* =1/
el. Both these parameters scale similarly in the TFTR
discharges studied to date and both could plausibly be
linked to a mode transition, and thus further studies are
required to distinguish between the two.

In summary, observations of a highly localized change
in fluctuation spectra at an edge-core transition layer im-
ply that the fluctuations in the two regions are likely due
to distinct modes. Only the core mode is directly related
to global confinement in TFTR.
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