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Observation of a High-Density Ion Mode in Tokamak Microturbulence
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For high-density Ohmic discharges in the Texas Experimental Tokamak (TEXT), a distinct ion mode
(i.e., density fluctuations propagating in the ion diamagnetic drift direction) is observed in the microtur-
bulence spectra. The magnitude and spectral characteristics of this mode are identified. Onset of the
ion feature occurs at plasma densities where a clear saturation is evident in the global energy-
confinement time 7e. A possible connection between this experimentally observed ion mode and the
theoretically predicted properties of instabilities driven by ion temperature gradient (7;) is explored.

PACS numbers: 52.35.Kt, 52.35.Mw

Previous measurements on the Texas Experimental
Tokamak (TEXT) have shown that the global energy-
confinement time (tg) saturates with increasing plasma
density.! This trend, which has been observed in
numerous other Ohmically heated tokamaks, has been
attributed to the increased dominance of the ion thermal
loss channel over the electron channel at sufficiently high
densities. If the ion losses are taken to be governed by
neoclassical transport, then transport-modeling calcula-
tions can provide predictions for the density at which 7¢
saturates.” However, in many discharges refueled by gas
puffing (e.g., DOUBLET-III® and ALCATOR-C*), the
saturation of 7 is actually observed to occur at densities
considerably lower than the ion neoclassical estimates.
As first proposed by Coppi et al.,’ this “anomalous” be-
havior could be caused by the onset of enhanced ion
thermal transport due to the excitation of drift instabili-
ties driven by ion temperature gradient (n;).® With the
use of models based on the presence of these modes, re-
cent transport-code calculations have yielded results in
reasonable agreement with the density saturation ob-
served in a large number of tokamak experiments.’”® In
addition to these high-density Ohmic cases, evidence for
anomalous ion thermal transport has also been found in
tokamaks heated by neutral-beam injection (NBI).
Specifically, charge-exchange ion-temperature-profile
measurements on NBI-heated DOUBLET-III discharges
have led to results that the ion thermal diffusivity is not
only much larger but also exhibits a radial dependence
dramatically different from that predicted by ion neo-
classical theory.'©

In light of the preceding discussion, it is clear that
there is ample motivation to search for direct experimen-
tal evidence either in support of or against the proposi-

tion that n;-type instabilities could be responsible for the
anomalous ion confinement that causes the saturation of
7g in high-density Ohmic plasmas. An obvious feature
to explore is the nature of the microturbulence spectra
characterizing the presence of such modes. If the pa-
rameter n; [=L, /Ly, =dInT;/dnn;] exceeds a threshold
value, (17;).=1 to 2, then drift-type microinstabilities
propagating in the ion diamagnetic drift direction are
predicted to be present with a typical range of k ,p; = 1.
This is essentially the same |k | -space range characteris-
tic of the usual electron-drift-wave turbulence, with k.
the wave vector of the density fluctuation in the plane
perpendicular to the toroidal magnetic field and p; the
ion gyroradius. The primary focus of the present study
is to examine systematically the density-fluctuation spec-
tra at various plasma densities in the Ohmically heated
TEXT tokamak. A unique multichannel, heterodyne,
far-infrared laser scattering system is employed which
allows measurement of the entire S(k ,,w)« [k, w)]?
spectra during a single discharge. The main result is
that an ion mode (i.e., microturbulence propagating in
the ion diamagnetic drift direction) has indeed been ex-
perimentally observed along with the familiar density
fluctuations propagating in the electron diamagnetic
drift direction.'"'? In the following, measured results
for the magnitude of the ion mode together with its fre-
quency and wave-vector spectra are presented and com-
pared with the measured properties of the turbulence
propagating in the electron diamagnetic drift direction.
Discussions of the conditions under which the ion mode
becomes prominent and of the statistical dispersion and
phase velocity of the ion features are also presented.

The scattering system, which is described in detail by
Brower et al.,'® simultaneously collects the frequency-
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shifted scattered radiation at six discrete angles corre-
sponding to 0 <k, <15 cm ~!. A twin-frequency laser
source and heterodyne receiver system permit resolution
of the wave-propagation direction. The portion of the
far-infrared laser beam (Po=20 mW, Ao=2r/ko=1222
um, Aw/2x=1 MHz for the heterodyne receiver) uti-
lized as the probe beam is weakly focused along a verti-
cal chord to a waist of radius ag=2 cm at the e ~2 point
of the intensity distribution. The measured wave-
number resolution is independent of wave vector with
Ak=%1cm ™' (=2/ag). The length of the scattering
volume (along ko) varies as a function of wave number
and ranges from =11 cm (e ' point of scattered
power) at k, =12 cm ~' to a chord average as k, — 0.
The spatial resolution perpendicular to kg is the beam ra-
dius. Scattering occurs in a plane perpendicular to the
toroidal magnetic field, and for this investigation the
source beam is incident upon the plasma along a vertical
chord at the tokamak major radius where scattering is
primarily from fluctuations with a poloidal wave vector
ko. The TEXT tokamak has a major radius R =1 m and
a limiter radius @ =27 cm. Data presented here were
taken during the plateau region of sawtoothing
discharges for plasma conditions with [, =400 kA,
Br =28 kG (rq-| =10 cm, where q is the safety factor),
and 2x10"3 <7, =8x10" cm 73, where I, is the plas-
ma current, Br is the toroidal field, and 7, is the central
chord-averaged electron density. The working gas is hy-
drogen, and the plasma current and toroidal magnetic
field are parallel.

Typical microturbulence frequency spectra for po-
loidal fluctuations under low-density conditions (7, =2
x10" em 73, T,0=1.3 keV, and T;o measured to be
roughly 900 eV) are shown in Fig. 1(a) at four different
wave vectors corresponding to ke¢=4.5, 7, 9, and 12
cm ~!. The scattering volume at each wave vector is
centered 25 cm above the midplane along a vertical
chord at R=1 m. The heterodyne receiver system per-
mits resolution of the wave-propagation direction, with
negative (positive) frequency corresponding to fluctua-
tions propagating in the electron (ion) diamagnetic drift
direction as measured in the laboratory frame of refer-
ence. At each wave vector examined, there is a distinct
large-amplitude broad-band (Aw/w= 1) peak in the
electron direction as compared with the low-level contri-
bution from the ion direction which appears to peak at
approximately zero frequency. The peak in the power
spectra moves to higher (more negative) frequencies as
kg increases indicating a dispersion for the fluctuations.
It should be noted that plasma rotation effects induced
by a negative plasma potential serve to shift the spectra
to more negative frequencies. At this plasma density the
global energy-confinement time 7z has not saturated. !

In sharp contrast, a factor-of-4 increase in the plasma
density to 7, =8x%10'® ¢cm 3 results in density fluctua-
tion spectra of a remarkably different nature as shown in
Fig. 1(b). Here the plasma current and toroidal field are

unchanged from that for Fig. 1(a), although the plasma
temperature has decreased to T,0=700 eV with Tjg
roughly around 600 eV. In addition to the large-
amplitude broad-band peak observed for negative fre-
quencies, a new separate peak now appears at positive
frequencies to the ion diamagnetic drift direction. The
magnitude of the ion feature is of the same order as the
electron feature. It is broad band (Aw/w=1), and the
power spectra move to higher (more positive) frequen-
cies as kg increases. Removal of plasma-rotation effects
would make the ion feature appear at larger positive fre-
quencies. Under these conditions, ¢ exhibits high-den-
sity saturation. '

In order to describe further the new ion feature, it is
now worthwhile to examine the statistical dispersion of
the fluctuations as shown in Fig. 1(c). This is obtained
by our plotting the mean frequency [@; =3 wSi(w)/
3 Si(w)] against the wave vector for both the ion and
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FIG. 1. Frequency spectra for discharge conditions I, =400
kA, Br=28 kG and (a) #, =2%x10" cm 3, (b) i, =8x10"3
cm 73, Negative frequency corresponds to the electron di-
amagnetic drift direction. (c) Microturbulence statistical
dispersion for electron component (2x10"® cm 3, crosses),
electron component (8x10'> cm 73, filled circles), and ion
component (8 x10'* cm ~3, open circles).
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electron features. For the low-density discharge, the
measured phase velocity of the electron feature is
v, =3.3%x10° cm/s, while the low-amplitude ion feature
demonstrated no clear dispersion. At the high-density
condition, the electron feature has a measured
ve==2.6%10° cm/s as compared to the ion feature with
v;=5%10* cm/s. Both the electron and ion components
exhibit an essentially linear dispersion The maximum
electron diamagnetic drift velocity computed with use of
TEXT profiles for the high- (low-) density discharge is
vpe (=wF/kg=T./eBL,)=5x10* (1.2x10°) cm/s.

By the integration of Sy (w) over negative and positive
frequencies separately and by looking at their ratio, it is
possible to quantify the relative strengths of the two
components. As illustrated in Fig. 2(a), the ratio of
electron to ion contributions (S./S;) is plotted against
the wave vector at three different values of density. At
plasma density 7, =2x10'3 cm ™3, the ratio is
S./S;=13. This is dramatically reduced to S./S;=2 for
f.=8 %10 cm ™3 For an intermediate density of
A, =5 x10"3 cm 73, the ratio is S,/S;==8. As the elec-
tron density is increased, the ion contribution grows.
However, it does not become prominent (i.e., a distinct
peak is not observed in the ion-drift direction) until
fle > 5%10" cm ~3. The density dependence of the elec-
tron and ion contributions is shown in Fig. 2(b) for
ke=12 cm ~!. Similar observations are made at the oth-
er measured values of kg. In terms of the frequency-
integrated wave-vector spectra, however, Fig. 2(c) shows
that the normalized S(kg) are essentially unchanged
from low to high density. At high densities, both the
electron [S,(kg)] and ion [S;(kg)] contributions individ-
ually possess the same functional dependences as S (kg)
[=S,(kg)+S;(ko)]. The mean wave vector in both in-
stances is ko=3 cm ~', which for fluctuations peaking
outside  r,=; implies 0.1 < kg, <0.4  where
p5=(MiTe)%'5/ eB. The falloff at large poloidal wave
numbers goes roughly as kg C* 1,

The electron-density and -temperature profiles are
shown in Figs. 3(a) and 3(b). It is important to note

1
16l(a) ~ [(b) 2 l(c)e
#12) oo 8 R
o 8 * 1 3 ° i
Ta el | Bte | %
hd o .® 5 S @ X
0O 4 8 12 02468 0 4 8 12
kg(cm™1) fie(x1013 cm™3) kg(cm™1)
FIG. 2. (a) Ratio of electron to ion components at

fle =2%10"3 cm 73 (open circles), 5% 10'3 cm ~3 (crosses), and
8x10'* cm 3 (filled circles). (b) Density dependence of ‘he
electron (S., open circles) and ion (S;, filled circles) com-
ponents for kg=12 cm~'. (c) Normalized S(ko) [=S. (ko)
+S;(ko)] at 7, =2%10"3 cm =3 (crosses) and 8x10'* cm 3
(open circles).
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that the density profile appreciably broadens as n, is in-
creased, while the electron temperature profile is essen-
tially constant. This is seen more clearly in Figs. 3(c)
and 3(d), where the scale lengths are plotted versus radi-
al position. The broader n, profile at high density results
in longer scale lengths over a large portion of the cross
section, whereas Ly, remains roughly unchanged.
Hence, 1, is clearly larger in the high-density case. Un-
fortunately, similar estimates for n; cannot be made as
T; profiles are currently unavailable. Nevertheless, there
is at least some indirect evidence that n; could be near
the theoretical stability threshold (7;). at low density
and well above (7;). at high density. For the low-
density discharge, n, values are typically less than 3 out-
side ry=,. Since T;<T, at the plasma center and
T.=T, at the plasma edge, it can be inferred that
n: < ne in these cases. For this reason, n; is likely to be
close to (1;)., which itself has only been roughly es-
timated theoretically to be about 2. If only weakly un-
stable, the associated n;-mode-driven turbulence could
easily be masked by the usual electron-drift-wave-type
fluctuations which can coexist. Consequently, the exper-
imental observations of a very small ion feature under
these conditions tend to correlate with the theoretical ex-
pectation. For the high-density discharge, n,= 3 for
rq=1<r <20 cm. Since T; is likely to be more strongly
coupled to 7T, from collisionality considerations, n; is
probably closer to 1, than for the low-density discharge.
As such, in certain regions of the plasma, n; could well
be sufficiently above threshold to give rise to significant
turbulent transport. Hence, the experimental measure-
ment of a strong ion feature here lends support to the
theoretical proposition that the observed saturation of zg
could be due to enhanced thermal losses in the ion chan-
nel generated by n;-type instabilities.

The preceding arguments are by no means rigorously
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FIG. 3. (a) Density and (b) temperature profiles, and (c)
density and (d) temperature scale lengths for 7z, =3x10"3
cm ~3 (dashed line) and 8x10'3 cm 72 (solid line).
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conclusive in establishing the connection between the
measured ion feature and the theory of n;-mode-driven
turbulence. Nevertheless, it is quite encouraging that
there are no obvious aspects of the experimental results
which appear directly to contradict this relationship. For
example, measurements of the wave-vector spectra indi-
cating 0.1 < kgp; =0.4 and a falloff proportional to
ke ®*Y are in reasonable agreement with recent analyt-
ical computations yielding (kgp;)ms=0.4 and a falloff
proportional to kg °.'* In addition, fluctuation mea-
surements on ALCATOR-C have shown a change in
group velocity from the electron to ion diamagnetic drift
direction at high densities.'> Further experimental evi-
dence from TEXT relevant to this issue will come from
(i) planned measurements of the ion-temperature profile,
which could provide direct information about n; and the
ion thermal diffusivity, X;, and (ii) pellet-injection refuel-
ing experiments, which could possible control the
strength of the ion feature by significant modifications of
the density profile. Note that if these future data were
to contradict the n;-mode theory, it would open up the
question of what physics is responsible for the new ion
feature presented in this Letter.

The extended interaction volume lengths and limited
spatial scans available with a heterodyne receiver have
prevented accurate measurements of the spatial localiza-
tion of the ion mode. Nevertheless, it appears to exist
over a large portion of the plasma radius. Langmuir-
probe measurements in the extreme edge and scrapeoff
regions of TEXT observe a shear layer outside of which
the fluctuations are observed to be propagating in the
ion-drift direction.'® This is due to an ExB Doppler
shift which changes sign across the shear boundary. Al-
though the extended interaction length of the scattering
volume encompasses this narrow layer (=2 cm), it is not
thought that these fluctuations contribute significantly to
the scattering observations of the ion feature for several
reasons.'> First, the phase velocity measured for the ion
feature by scattering does not agree with that observed
by the probes for fluctuations in the limiter shadow.
Second, measurement of the 7 distribution in the limiter
shadow at low and high densities does not exhibit the
qualitative change necessary to make the ion feature
prominent at high density while being negligible at low
density. Finally, since the scrapeoff plasma involves a
very narrow region compared to the entire scattering
volume length and since the density is low there, it is un-
likely that fluctuations from this region could dominate
the measured spectra.

In summary, a distinct ion mode has been identified in
the fluctuation spectra measured on the Ohmically heat-
ed TEXT tokamak. The onset of this ion feature corre-
lates with the observed saturation of tg at high density.

Comparison of its measured spectral characteristics with
theoretically predicted properties of n;-mode-driven tur-
bulence yields reasonable agreement. Further evidence
either for or against the proposition that the n;-type in-
stabilities are responsible for the enhanced ion thermal
transport causing the saturation of 7 is expected to
come from experiments scheduled in the near future on
TEXT.
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