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Measurement of Coherent Drift-Wave Ion-Fluid Velocity Field When Ion Dynamics Are Stochastic
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(Received 4 February 1993)

In order to test the validity of the fluid drift approximation when ion dynamics are stochastic, the
time-dependent ion-fluid velocity field in a coherent, drift-Alfven wave has been measured in Caltech s
Encore tokamak using plasma planar laser induced fluorescence. Many measured parameters of the
wave are well described by the drift approximation above a threshold for stochastic ion dynamics, includ-
ing the flow pattern in the single measured component of the ion-fluid velocity field. Surprisingly, the
theory fails at a fundamental level by predicting Aow speeds 10 times larger than those measured
(~u .„(=10'cm/s).

PACS numbers: 52.35.Kt, 52.70.Kz

The drift approximation describing the fluid behavior
of ions and electrons is one of the most used and success-
ful approximations in plasma physics. Since the two-Auid
equations of motion are derived by integrating over parti-
cle distribution functions, the exact nature of the indivi-
dual particle dynamics may be expected to play a minor
role in plasma behavior that follows the Auid equations.
Although stochastic dynamics are used to describe many
plasma phenomena currently under study [ll, there is no
general theory predicting the consequences of stochastic
dynamics on the validity range of the drift approximation
in Auid plasma phenomena. We have studied the eAects
of stochastic ion dynamics in a coherent drift-Alfven
wave which has been well characterized using the Auid

drift approximation in Caltech's Encore tokamak [2].
Recent measurements have shown that electrostatic
waves in magnetized plasmas can cause ion orbits to be-
come stochastic [3,4]. In our system, single point laser
induced fluorescence (LIF) measurements have shown [4]
that ion orbits become stochastic if the drift wave poten-
tial p is large enough that the normalized drift wave am-
plitude a exceeds a threshold

a=k2y/co„B) ],
where k is the wave number, co„.is the ion cyclotron an-
gular frequency, and 8 is the magnetic field. One ob-
served manifestation of the transition to stochasticity is
that the ion velocity distributions are hotter than predict-
ed by standard heating mechanisms [4]. Even above the
stochastic threshold we observe that the wave frequency,
propagation vector, and phase relationship between the
oscillating density and potential are still well described by
the two-Auid model based on the drift approximation.
This is an example of a Auid plasma phenomena where
many measured parameters appear well characterized by
the drift approximation ignoring particle stochasticity,
but it is unclear if this is true for all plasma parameters.
To further test the validity of the drift approximation in
the presence of stochastic ion orbits, we have developed
the first plasma planar laser induced fluorescence (PLIF)
diagnostic to measure the time-resolved ion velocity field
in a poloidal cross section of Encore. Surprisingly, we

find that although the measured ion-Auid velocity Aow

pattern is well described by the drift approximation, the
magnitude of the measured Aow is an order of magnitude
smaller than predicted. Besides highlighting the need for
a self-consistent theory incorporating stochastic dynam-
ics, this result shows that the drift approximation cannot
be used confidently to calculate unmeasured plasma pa-
rameters in the presence of stochastic ion dynamics even
when many measured parameters obey the drift approxi-
mation. This may have important implications for the
calculated magnitude of the radial electric field in

tokamaks during H-mode transition since the field
strength is calculated using the drift approximation and
measured ion velocity profiles [5].

The PLIF measurements reported in this Letter, the
first ion-Auid velocity field measurements in two spatial
dimensions, are compared with the prediction of the drift
approximation calculated using Langmuir probe mea-
surements of the plasma potential. This fundamental
comparison between the measured ion velocity field and
theoretical prediction has not previously been made due
to the experimental difficulty in simultaneously measur-
ing the ion velocity field and plasma potential with
sufficient spatial and temporal resolution. Previous mea-
surements of ion-fluid rotation velocities () 10 cm/s)
have been made in spheromaks during formation [6] us-

ing the Doppler shifts of spontaneously emitted lines of
impurity ions and in large tokamaks using charge ex-
change recombination spectroscopy [5]. Interpretation of
raw data in Refs. [5,6] depended on plasma models of the
emission profiles and Abel inversion of chord averaged
measurements. The plasma potential in these plasmas
was not directly measured. The scheme we are using,
laser induced fluorescence (LIF), is a directly interpreted
and spatially localized technique that gives precise ion
velocity distributions. The LIF intensity measured while

scanning the wavelength of a narrow linewidth laser
through a resonant ion absorption line is proportional to
the ion velocity distribution when Doppler broadening
dominates the absorption linewidth. LIF has been used
to obtain rotation profiles in a plasma column from the
Doppler shifted peaks of majority ion velocity distribu-
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PL)F
measured

FIG. 3. (a) PLIF measured utt field [full scale ~ 1.1 x10
cm/s, 2.8x10 (cm/s)/contourl. (b) uR field calculated from
probe and PLIF data in the drift approximation. Black (white)
indicates uR velocities to the left (right). (c) Langmuir probe
measured pt, (2 V/contour). Arrows on the equipotentials indi-
cate the direction of Ex B drifts around potential hills (H) and
potential valleys (V). B points out of the page so that the elec-
tron diamagnetic rotation is counterclockwise. Times (tt t =40
ps) correspond to those marked in Fig. 2. See Fig. 1 for correct
spatial scales.

the drift wave was measured using the PLIF diagnostic.
The dominant feature of this structure is a periodic spa-
tial rotation of localized regions of positive and negative
ug in phase with the wave. Six smoothed images of the
uR field at 40 ps intervals during a wave period are
displayed in Fig. 3(a) (measurement times are shown in

Fig. 2). Figure 3(a) shows that at tt the upper left
corner of the imaged plasma has a negative uR com-
ponent. During the next 80 ps (t2, t3) the region moves
down and to the right across the lower half of the image.
The negative uR region is shrinking into the lower right
corner at t4, disappearing altogether at t5. A new region
has dropped and expanded to fill the left half of the im-

age to begin the cycle again at t6. This pattern is ob-
served for all five wave periods in this plasma and is typi-
cal of Encore discharges having coherent drift waves.
Based on the consistency of many hundreds of measure-
ments with repeatable spatial variations and the smooth
variations in u~ observed on single anodes, the estimated
uncertainty in the uR measurements is ~ 8x 10 cm/s.

The two-dimensional Aow field consistent with these
data is not obvious since only the single component ug is
measured. To interpret the PLIF data in Fig. 3(a),
Langmuir probe measurements were made in a nearby
(separated toroidally by 0. 1 parallel drift wavelengths)

FIG. 4. Plasma density in a poloidal cross section showing
dominant m=2 mode structure (peak density 3x 10'2 cm
—5x10" cm /contour). B points out of the page so that the
electron diamagnetic rotation is counterclockwise. Times
(At =40 ps) correspond to those marked in Fig. 2. See Fig. 1

for correct spatial scales.

poloidal cross section as indicated in Fig. 1(b). Plasma
I- V characteristics were measured by digitizing the
current from the scanning probe biased to 12 voltages at
each position [see Fig. 1(a)]. Using unmagnetized probe
theory [111 the plasma potential p~, density, and T, were
determined. The density plots in Fig. 4 clearly show the
dominance of the m=2 poloidal mode (n/n =0.5) rota-
tion in the electron diamagnetic direction. The mode
structure is also apparent in the plasma potential

(p~ = 10 V peak to peak) and electron temperature fluc-
tuations (T, = 6 eV peak to peak).

The ion fluid velocity perpendicular to the magnetic
field in the drift approximation is the sum of the Ex 8
and diamagnetic drifts so the R component of the ion
quid velocity is

uR =R.
—Vy xQ

B2

V(nT, ) x B
enB

Equation (I) together with the Langmuir probe data and
the PLIF measured T; allows us to calculate the theoreti-
cal prediction for utt. Figure 3(b) shows uR images cal-
culated for the same sequence of times used in Fig. 3(a).
Examination of Fig. 3(b) shows striking similarity be-
tween qualitative behavior of the negative uR region in

the calculated images and the PLIF measured images in

Fig. 3(a).
The E& B drift is the dominant drift determining the

direction of uR. In a stationary two-dimensional poten-
tial, the ExB drift is along potential contours. With 8
out of the page the drift is counterclockwise around po-
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FIG. 5. Comparison of ~un~ averaged over the imaged plas-
ma as measured by PLIF (squares) and calculated using the
drift approximation (triangles). Times (At =40 ps) correspond
to those marked in Fig. 2.

tential valleys and clockwise around potential hills. In
Fig. 3(c) pp is displayed with arrows on the equipoten-
tials to indicate the E&B flow. In the m=2 drift-Alfven
wave the ion fluid is flowing in two pairs of counterrotat-
ing vortices around the potential hills and valleys of the
wave. As the entire mode structure rotates, the direction
of the ug components oscillates in the imaged plasma
[compare Figs. 3(a) and 3(b) with 3(c)].

Despite the agreement on the flow pattern between the
PLIF measured field and the drift approximation, the
magnitudes of the calculated velocities are on average an
order of magnitude larger than those actually measured
(see Fig. 5). The discrepancies in the overall magnitude
are not within the —50% error inherent in calculating the
drift approximation prediction. Attempts to include po-
larization terms, the convective derivative and the Alfven
character of the wave do not resolve this discrepancy in

magnitudes. The drift approximation simply fails to pre-
dict the correct magnitude of the ion fluid flow. Although
stochasticity accounts for the high mean ion temperature
[4], there is no theory that incorporates collective effects
due to stochastic dynamics that would explain these re-
sults.

A possible mechanism for the observed reduction in the
ion fluid response is averaging of the wave electric field
due to stochastic ion orbits. Conventional finite Larmor
radius (CFLR) theory [12] predicts that a similar
averaging eAect reduces the fluid velocity in a plane wave

by a factor of e 'Io(s) where s =k&rl. However, CFLR
theory is not strictly applicable here since CFLR assumes
both linearization of the Vlasov equation and integration
along unperturbed orbits whereas the drift wave ampli-
tude here is large enough to invalidate linearization and
furthermore stochastic ion orbits are very diferent from
unperturbed orbits. Nevertheless, CFLR should give a
reasonable estimate of the reduction of the fluid velocity
because we expect that the wave phase averaging due to
large orbits should be relatively insensitive to the exact
nature of the orbits. Using k~ =27 m ' and rL =(vT;l
m;) /co„with T; =6 eV gives s =2.4 for our parametersi/2
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yielding a CFLR reduction factor of 0.27 which is the
correct order of magnitude to explain our observations.

In summary, the first plasma PLIF diagnostic has been
used to study the ion-fluid velocity in coherent drift waves
above the stochastic threshold in Caltech's Encore
tokamak. The PLIF measured ion-fluid velocity com-
ponents in the drift wave agree qualitatively with the flow

pattern predicted by the fluid drift approximation despite
stochastic dynamics of particles in the bulk of the distri-
bution. However, the measured magnitude of the fluid
velocity is an order of magnitude smaller than predicted
by fluid theory. We believe this discrepancy is similar to
the finite Larmor radius eA'ect in that the phase seen by
the ions is averaged as the ions trace their large stochastic
orbits, resulting in a reduced macroscopic fluid velocity.
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