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The anomalous ion thermal transport due to the ion-temperature-gradient driven instability (ITG
mode) has been studied in the Columbia Linear Machine. We find that in the presence of the ITG
mode, the radial temperature profile relaxes along the direction of a steady state plasma flow parallel to
the magnetic field lines. The corresponding local ion thermal conductivity y.(r), determined from the
experimental data, is highly anomalous and shows a strong correlation with the radial profile of the ITG

mode.

PACS numbers: 52.35.Kt, 52.35.Mw

A number of recent experiments [1-4] have shown that
anomalous ion thermal transport is an important aspect
of energy confinement in large tokamaks. The theoretical
studies [5-7], as well as experimental investigations
[1-4], suggested that ion-temperature-gradient driven in-
stabilities (ITG mode) may be responsible for the ther-
mal loss. However, the recent experiments designed to
verify this scenario in the TFTR raised some uncertain-
ties [8]: In contrast to the theoretical prediction, the ra-
dial thermal flux did not increase while the parameter n;
(=dInT;/dInn;), characterizing the strength of the ITG
mode drive, increased significantly. There have been re-
cent theoretical attempts to reconcile these experimental
results with refined theoretical models [9,10]. Therefore,
the transport due to the ITG mode remains a partly open
question. The slab branch of the ITG mode has been re-
cently produced by two different methods and definitively
identified in the Columbia Linear Machine (CLM)
[11,12]. The objective of the present research was to
measure the anomalous ion thermal diffusion induced by
the slab branch of the ITG mode which may be relevant
to the thermal confinement in tokamaks and other
toroidal confinement devices.

The layout of the CLM is shown in Fig. 1. The plasma
is produced in the source region by a hot-cathode dc
discharge (V4is=45 V, I4is=80 mA) in hydrogen (P;=5
x 10 ™% torr) [13]. The plasma flows from the source re-
gion through a differentially pumped transition region to
the experimental cell (P, = 5% 10~ torr) where the plas-
ma terminates on a conducting end plate. The rf heating
meshes, located at the transition region, effectively heated
the core of the plasma in the parallel direction so that an
ITG mode was excited. The details of the rf heating
technique have been described in Ref. [12]. The typical
parameters under normal operating conditions with a rf
heating are as follows: ion density m;~5x10% cm ™3
neutral pressure in cell region P. = 5% 10 ~7 torr, electron
temperature 7.~ 10 eV, perpendicular ion temperatures
T;1.~5 eV, parallel ion temperatures T;~15 eV, n;~6,
n;. =<1, magnetic field (experimental cell) B=1 kG,
plasma cell length L ~160 cm, and plasma column rp, ~3
cm.
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The parallel and transverse ion temperatures were
measured with gridded ion energy analyzers. Rectangu-
lar Langmuir probes (2 mm x5 mm) were used to obtain
electron temperatures and ion saturation current and to
detect density fluctuations. The plasma potential was ob-
tained from the floating potential of an emissive probe.
These electrostatic probes are fixed at axial positions but
could be moved radially to obtain profiles of the various
plasma parameters.

Figure 2 shows the frequency spectra for the cases with
and without rf heating of ions. Without heating (dashed
curve), n; < 1, which is less than the critical value for the
onset of the instability, so the fluctuation level is low.
However, when the heating is turned on and n;;~6, two
features appear. The mode with frequency f~95 kHz
has been identified as an ITG slab mode with an azimu-
thal mode number m =2 and the other one (ExB mode)
with frequency f~55 kHz and m =1 is believed to be a
Rayleigh-Taylor type instability, driven by EXx B rotation
of the plasma column [11,12]. The experimental condi-
tions for this case have been carefully adjusted such that
the EXB mode is minimized leaving the ITG mode to be
the principal instability responsible for the observed ion
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FIG. 1. Layout of the Columbia Linear Machine. The rela-
tive positions for the heating meshes, ion energy analyzer, and
end plate are shown in the figure.
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FIG. 2. Frequency spectra at r=2.0 cm with and without
heating. The plasma conditions: end plate voltage Vep=5.0 V,
neutral pressure at the experimental cell P, =4X 1077 torr, rf
heating voltage V=45 V, and magnetic field in the cell region
B=1.0 kG.

thermal transport.

The ITG instability produced in the transition region,
where a sharp temperature gradient is created, travels
down the machine with the plasma flow as shown in Fig.
3. The mode is nonlinearly saturated and the ITG tur-
bulence is fully developed by the time it reaches the ex-
perimental cell. The ions experience the ITG turbulence
scattering as they flow down the machine and enhanced
ion thermal transport may be produced. A significant
mode fluctuation level exists between z=60 cm (up-
stream) and z =125 cm (downstream) where the trans-
port experiments were conducted, because the value of n;
is variable but larger than the critical value ;¢ over
this whole range. Two ion energy analyzers or Langmuir
probes, calibrated against each other, are located at
z=65 cm and z =125 cm (see Fig. 3). The position of
the heating mesh is taken as z =0 cm. Therefore, the
subsequent particle diffusion or thermal transport can be
measured by determining the ion density and ion temper-
ature radial profile relaxation downstream.

The transverse particle diffusion (across B field lines),
which can cause thermal convection, was carefully stud-
ied by measuring both upstream and downstream ion
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FIG. 3. Schematic of the temperature relaxation measure-
ment scheme.
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FIG. 4. Both upstream and downstream ion density profiles.

density profiles. Figure 4 shows the results with the pres-
ence of the ITG mode. No significant density profile re-
laxation is observed. Therefore, the thermal convection
could be neglected. This is consistent with the presump-
tion that the electron density response is approximately
adiabatic for the ITG mode in CLM. The fluctuations of
the density and the radial velocity are 90° out of phase in
the adiabatic approximation and no particle transport can
result.

The radial ion temperature profiles at z =65 cm and
z=125 cm for both cases with and without the ITG
modes are displayed in Fig. 5. Without the mode [Fig.
5(a)], both upstream and downstream temperature pro-
files are roughly the same. With the mode [Fig. 5(b)],
the temperature relaxation is obvious. The profile relaxa-
tion is a result of heat flux direct from the plasma center
to the edge, causing the plasma core (r <2.0) to cool
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FIG. 5. lon temperature profiles for both upstream and
downstream: (a) without heating; (b) with heating.
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down and the plasma edge (r > 2.0) to heat up. Because
no particle transport is observed, transverse thermal con-
vection can be neglected. Therefore, the observed ion
thermal transport shown in Fig. 5(b) is dominated by the
thermal conduction.

We now model the temperature profile relaxation and
calculate the transverse ion thermal conductivity y,.
While the anomalous transverse ion thermal conduction is
very important as discussed above, the anomalous (wave-
induced) parallel ion thermal conduction (parallel to the
B field) is insignificant in our experiment. This is be-
cause compared with the perpendicular wavelength A,
~3 cm, the parallel wavelength A;~500 cm is very long
so that the ITG modes mix the hot and cold ions perpen-
dicular to the B field only. Furthermore, since the plas-
ma in CLM is collisionless, the thermal conduction due to
the classical collisions is entirely negligible. Therefore,
the ion energy transfer along the B field is basically
determined by the plasma flow. As the transverse
thermal convection can be neglected in accordance with
the discussion above, the radial ion thermal flux is en-
tirely due to the transverse thermal conduction, i.e., q
= —n;x,. VT, where q, x1, n;, and Ty are ion thermal
flux across the B field line, transverse ion thermal conduc-
tivity, ion density, and parallel ion temperature, respec-
tively. Then in the steady state the transport equation
governing the ion temperature relaxation can be written
as follows:

, (1

(V]
(L e Ty
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where vy is the plasma flow velocity. The physical mean-
ing of the above equation is clear: The energy input via
parallel thermal convection (left side of the equation) is
balanced with the energy output via the transverse
thermal conduction (right side of equation) so that there
is ion energy balance in steady state in the laboratory
frame. Because the ion temperature and ion density
profiles are known and plasma flow velocity can be mea-
sured by launching ion acoustic waves, Eq. (1) can be
solved to obtain y,. The measurement of the velocity
was carried out by launching ion acoustic waves along the
magnetic field B, i.e., parallel to the flow velocity [14].
The waves propagating in the plasma flow direction result
in a phase velocity vy =vs+v, in the laboratory frame
while the waves propagating in the opposite direction
yield vy =v; —vys, where v; is the ion acoustic velocity.
Therefore, the flow velocity ¢, can be determined from
vy={(vy—rv2)/2. For the experimental conditions, we get
vr~1.5%10% cm/s and v;~6x10% cm/s. The value of v,
is consistent with that calculated from the ion and elec-
tron temperatures and the value of v, is consistent with
the existence of a substantial fraction of electrostatically
trapped ions due to the positive end plate bias (+5 V).
Equation (1) is numerically solved by the explicit finite
difference method [15]. Since no experimental data are

available outside »=3.0 cm, an exponentially decaying
function is assumed in this region. The temperature
profile at z =65 cm [Fig. 5(b)] is chosen as the upstream
boundary condition. As a result of the negligible trans-
verse particle transport, the density profile at z =65 cm,
fitted by an eighth order polynomial, is used in the equa-
tion. The thermal conductivity y, () is modeled by a tri-
al function with a number of adjustable parameters such
that the calculated temperature profile at z =125 cm is
optimally fitted to the experimental downstream tempera-
ture. The decay of the ITG mode amplitude in z will
have some effect on the measured y,. However, we can
only scan the temperature at two axial positions (z =60
cm and 125 cm); the simplest model we can use is a con-
duction equation with a constant y, in z. Therefore, the
thermal conductivity y, determined in this manner
should be considered to be a z averaged but radially local
x.(r). The details of the numerical method will be pub-
lished later. The calculated temperature profile is
displayed in Fig. 5(b) (solid curve). The fit of the calcu-
lated profile to the experimental profile is fairly good.
The corresponding ion thermal conductivity is shown in
Fig. 6. It is noted that the position of the maximum
thermal conductivity is around the location of the max-
imum temperature gradient. More interestingly, it also
corresponds to the peak of the ITG mode amplitude as
shown in Fig. 6. The radial profile of the ITG mode can
be compared with the calculated thermal conductivity
which indicated remarkable similarity. The conductivity
is small at the center where the fluctuation level is also
low. Therefore it can be concluded that the measured
thermal conductivity is due to the ITG mode.

We note that the average thermal conductivity (~0.5
m?/s) is much larger than the classical (~10~3 m?%/s)
and less than the Bohm diffusion coefficient (~6 m?/s).
For the CLM parameters, the quasilinear theory yields
%1 ~0.5 m?/s [7], the Kadomtsev strong turbulence esti-
mate gives y.~1 m?/s [16], and by considering the in-
variance properties of the fluid equations, y, ~2 m?%/s is
obtained [6].

In conclusion, the anomalous ion thermal transport due
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FIG. 6. The radial profiles of ion thermal conductivity deter-
mined from the data shown in Fig. 5 and the measured ITG
mode amplitude.
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to the ITG mode has been measured in the CLM by the
temperature profile relaxation method. The ITG mode
does cause significant anomalous ion thermal transport
across magnetic field lines primarily via thermal conduc-
tion. The local ion thermal conductivity yx,(r), deter-
mined from the experimental data, shows a strong corre-
lation with the ITG mode radial profile and its magnitude
is about an order of magnitude lower than Bohm.
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