Visible imaging of edge fluctuations in the TFTR tokamak
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Images of the visible light emission from the inner wall region of the TFTR tckamak [M. G.
Bell et al., in Plasma Physics and Controlled Nuclear Fusion Research 1988, Proceedings of the
12th International Conference, Nice, France (IAEA, Vienna, in press) | have been made using
a rapidly gated, intensified TV camera. Strong “filamentation” of the neutral deuteriom D,
light is observed when the camera gating time is < 100 psec during neutral-beam-heated
discharges. These turbulent filaments vary in position randomly versus time and have a
poloidal wavelength of =~ 3-5 cm, which is much shorter than their parallel wavelength of

= 100 cm. A second and new type of edge fluctuation phenomenon, which is called a “merfe,”
is also described. Merfes are a regular poloidal pattern of toroidally symmetric, small-scale
marfes that move away from the inner midplane during the current decay after neutral beam
injection. Some tentative interpretations of these two phenomena are presented.

§. INTRODUCTION

In this paper we describe measurements of the two-di-
mensional (2-D) structure of fluctuations in the visible light
emission observed near the inner {small major radius) wali
region of TFTR.! Most of these measurements were made
with a gated, intensified video camera viewing from the cut-
er midplane with the TFTR periscope system.

Two different pheromena are described. The first is a
rapidly time-varying and apparently turbulent “filamenta-
tion” observed in the neutral D, emission during neutral
beam injection (NBI). This filamentation, which is similar
to that observed previously in Ohmic diverted plasmas on
ASDEX and DITE,? is most likely caused by strong fluctu-
ations of the deusity in the edge region.” If so, then several
new features of this turbulence are brought out by these mea-
surements; namely, a large fluctuation level at the inner
{good curvature) region of the tokamak, a relatively large
poloidal scale length compared to an ion gyroradius
(ko105 =0.02), and a relatively short parallel scale length
compared to the toroidal circumference (4, =0.1gR).

The second phenomenon, which we call “merfes,”
seems to be similar to previously observed marfes.*” These
merfes are a poloidally regular pattern of small-scale, toroi-
dally symmetric emitting bands that are stationary during
NBI but which move siowly away from the inner equator
during the plasma current decay.

il. INSTRUMENTATION

The plasma is viewed from the outer equatorial plane
using the TFTR plasma TV periscope system,® which allows
the camera to be located in the shielded basement below the
tokamak. This periscope views the plasma with /8 optics,
and has a remote controlled field of view, focus, iris, filter,
and magnification. At its highest magnification (5° field of
view) the periscope has a spatial resolution of a few mitlime-
ters over about a 30} 30 cm area at the tokamak inner wall.

The camera used for most of these measurements was 2
gated microchannel-plate-intensified, solid-state CID cam-
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era.” The rated sensitivity was < 107> fc (= 107" W/cm? at
500 nm) with a standard S-20 photocathode response. The
internal microchannel plate was triggered such that each
field could be exposed for a time anywhere from 1 usec to
~ 16 msec, while still maintaining the normal video format
of 60 fieids/sec. In practice, an exposure time of = 1040
psec was used for imaging the turbulent fluctuations, while
an exposure time of up to 16 msec/field was used for the
slow-moving merfes.

An optical interference filter with a passband of 10 nm
centered at 656 nm was used for the D, measurements. This
filter passes mainly deuterium D, light (TFTR has < 10%
of the hydrogen isotope), but is also sensitive to a nearby
carbon II doublet at 658.3 nm, particularly at low density
(during NBI the D, is larger than the carbon line). The
camera output was linear with respect to light intensity, and
an internal automatic gain control varied the sensitivity of
the microchannel plate as a whole versus time to avoid satu-
ration. This I3, line is often monitored with discrete photo-
diodes,® but with relatively low space and time resclution.

The images were stored on a VCR in the “field” mode,
i.e., without interiacing successive 16 msec fields into 2 nor-
mal video frame. The resulting fields had 388 pixels X 240
lines. The images were later digitized using a PC-based
frame grabber and standard image processing software.

il INTERPRETATION OF VISIBLE LIGHT EMISSION
A. General theory

In general, the light emission from a given line is given
by’

£(v} = (const)n, n; {ov),

(1)
where (v} is the light intensity at frequency v, n, is the local
electron density, #, is the local density of the relevent ion,
and {ov) is the excitation rate for the spectral line of that ion.
Most low-Z spectral lines in tokamaks come from excited
ions that exist only in a particular temperature range and so
are emitted from relatively narrow toroidal shells. The pres-
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ent periscope view will generally integrate over both the in-
ner (small major radius) and outer (large major radius)
parts of this toroidal sheil.

With the neutral deuterium D, line the ion density #, in
(1) is replaced by the neutral deuterium density n,;. The
excitation rate (ov) of the D, emitting state (per atom) isa
weak function of electron temperature, which peaks at about
T, =50-100 eV, but is relatively constant over the range 10—
1000 eV.® However, since the ionization of hydrogen is al-
most complete above = 100 eV, these sheils of D, are locat-
ed very near the plasma boundary of hot tokamaks, where
T, = 100 eV occurs just a few centimeters inside the last
closed magnetic flux surface.®°

Numerical simulation and spectroscopic observation of
D, emission for TFTR has shown® that this shel has a typi-
cal radial extent of about 5-10 cm radially inside the toroi-
dally shaped “bumper limiter” that forms the inner (small
major radius} wall of TEFTR. Since the plasma radius is 80
cm while the inner wall radius is 99 cm, the fraction of this
D, emitting region that is inside the outermost closed flux
surface varies with poloidal angle. Typically, at 30° above the
inner equator the distance between the wall and the outer-
most flux surface is only =3 cm, so there most of this D,
emission occurs “inside” the piasma. Note that the CII lines
(which constitute a possible background to the D, light
passed by this filter) form similar shells a few centimeters
radially inside those of D, . Note also that the visible light
emission from the large major radius side is negligible, since
the dominant neutral deuterium source was due to localized
recycling at the area of plasma—surface contact along the
inner bumper limiter.

According to Eq. (1), fluctuations in the local D, emis-
sion can, in principle, be caused by variations in local values
of the eleciron density, the neutral density, or the electron
temperature. Spatial averaging will also reduce the mea-
sured intensity fluctuations, J, when the radial wavelength of
the fluctuations is smaller than the radial thickness of the
emiiting shell. Given these various possibilities, it becomes
difficult, in general, to interpret observed D, fiuctuations
guantitatively in terms of local plasma density or tempera-
ture fluctuations.

However, a simpiified interpretation can be made by
noting that the emitted light fluctuations 7 always respond
linearly to electron density fluctuations 7,, whereas I is in-
sensitive to temperature fluctuations at the temperature of
maximum emission. Thus the local D, light fluctuations are
a priovi more likely to be caused by 7, than 7, (see Sec. III B
for experimental tests of this).

The local neutral density 7, might also fluctuate due to
a variation of the ionization fraction dependenton 7, ortoa
variation in the local neutral hydrogen recycling rate depen-
dent on the local n, or 7,. Although it is difficult to exclude
a priori such an influence of 71, on the observed 7, it is fairly
clear that any #, is caused by the local #, and/or Te, and
would not fluctuate independently. In this case J would be a
nonlinear function of #, and/or 7.

Another interpretation needs to be made concerning the
extent to which the light intensity can follow rapid changes
in n, or T,. For typical TFTR edge plasmas with », ~ 10
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em > and T, =~ 30 eV the excitation rates to the n = 3 level
of hydrogen and the deexcitation rates fromn =3 ton =2
are typically = 10® sec™! {Refs. 9 and 11) implying that 7
will follow fluctuations with periods larger than 1 usec,
which is the range of interest for the present experiments.
Over this excitation/de-excitation time a neutral hydrogen
atom with an energy of a few electron-volts moves <1cm,
and therefore is effectively representing the local 7.

In summary, fluctuations in D, light 7 are most likely
correlated with 7, fluctuations, although a quantitative in-
terpretation of 7 cannot yet be made without independent
knowledge of the local radial profiles of density and tem-
perature and of the possible D, source variations.

B. Previous experiments in tokamaks

High-speed (7000 frames/sec) movie camera pictures
of ASDEX and DITE? showed a strong turbulent filamenta-
tion of the D, light in Ohmic divertor discharges that is
similar to that described below. In those machines, the D,
source was produced by gas puffing at either the inner or
outer wall. A similar filamentation was also observed with
methane or impurity injection, suggesting that the filaments
were simply illuminated by the presence of emitting atoms.

An experiment to check the connection between visible
light fluctuations and edge density fluctuation was done at
the Caitech tokamak'” using a 16 channel photodiode array
to measure 7 and a Langmuir probe to measure 7,. A high
coherence and zero phase difference between 7 and 7, were
found when the two measurements were made within about
1 cm of each other, suggesting that #, was the dominant
cause of 1. Subsequent Langmuir probe measurements at
Caltech'® and TEXT showed that 7, /T, <0.471,/n, in to-
kamak edge plasmas, suggesting that 7, fluctuations are not
dominating J. Recent Langmuir probe measurements at AS-
DEX' have also shown 7, edge fiuctuations with a struc-
ture similar to the earlier ASDEX D, light emission pat-
terns.

A brief report of the present TFTR visibie imaging ob-
servations was also given previcusly in the context of pre-
liminary TFTR edge fiuctuation measurements.'® Subse-
quent observations of visible light fluctuations from the edge
of JET'" made with unfiltered surface barrier detectors also
showed turbulent filaments similar to those in Ref. 16 and
the present paper. The JET visible fluctuations had 3 broad-
band spectrum with /< 100 kHz, a poloidal mode number
m = 25-100, and showed an interesting correlation with the
edge B measured with magnetic probes.

iV. TURBULENT FILAMENTS
A. Experimental results

Figure | shows some typical examples of the turbulent
filamentation of D, light emission in TFTR. The photos in
1(b)~1(d) are three different video fields each exposed for
15 usec wsing the D, filter during a typical neutral beam
injection (MNBI) discharge (/= 1.4 MA, P, = 12 MW,
B =50 kG, R = 245 cm, a = 80 cm, discharge #21 819).

The view shown schematically in Fig. 1(a) is from the
outer equator toward an area about 100X 100 cm along the
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FIG. 1. Images of D, light emission from the inner wall region of TFIK for
a typical neutral-beam-heated plasma. Fig. 1(a) shows the camera’s field of
view, which for {b)-{d) is the wide field of view. The photosin (b)~(d) are
single video fields exposed for 15 usec taken from a typical TFTR NBI
discharge. The D, light forms toroidally elongated filaments that vary in
position randomly from field to field. Note that the toroidal variation of D,
is due to a modulation of the local neutral density. The bright disk at the left
is due to enhanced recycling at the edge of a porthole in the inner wall.

inner bumper limiter, which is a toroidally shaped surface
made of 16X 10 cm carbon tiles. This bumper limiter ex-
tends + 60° poloidally from the inner midplane and 360°
toroidally. The view of Fig. ! covers a poloidal range 0°-60°
above the inner midplane of this limiter and a toroidal angle
range of ~45° (i.e., about two toroidal field coil periods).
Note that all the plasma—wall contact occurs at this bumper
limiter, and that none of the neutral beam lines are aimed at
this section of the inner walil.

The bright filaments of light seen in Fig. | appear to be
aligned (approximately) toroidally and are usually irregu-
larly spaced poloidally, as in Figs. 1{b)—{(c). Sometimes the
poloidal spacing appears to be quite regular, as in Fig. 1(d).
The poloidal positions of all of these filaments vary com-
pletely from field to field, i.e., none of them remain station-
ary for 16 msec.

Note that the brightness of these filaments also appears
to be varying toriodally; however, this is due to a physical
modulation of the inner wall surface itself, which causes the
local recycled deuterium neutral density to vary with the
toroidal field coil periodicity. Note also that the bright arc of
light at the right is the edge of the inner bumper limniter in
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this view, showing that the D, light forms an annulus 5-10
cm thick located radially just inside the inner wall.

Figure 2 shows an example of the digitized D, light
intensity as a function of poloidal angle over the range 20°~
50° above the inner midplane, taken from a single video field
for the discharge of Fig. 1. The fluctuations in light intensity
are guite large, often varying by + 50% over a poloidal dis-
tance of 5~10 cm.

Figure 3 shows several video fields taken with & view
similar to that of Fig. |, but with differing exposure times of
{a) 15 usec, (b) 40 usec, {c) 160 usec, and (d) 400 usec.
Fach photo is from a different discharge, but all discharges
had 10-12 MW of NBI at a plasma current of 0.9 MA and a
toroidal field of 50 kG. At exposure times of 15 and 40 usec
the D, filaments are clearly visible and qualitatively similar
to each other, but the filaments are aimost completely
“blurred” at exposure times of 160 and 400 psec, suggesting
a local autocorrelation time of between 40 and 160 usec.

Shown in Fig. 4 are several video fields taken using the
narrow view indicated in Fig. 1{a), which covers an area
about 30X 30 cm at a poloidal angle of ~ 35° above the inner
midplane. These fields were from a 0.9 MA, 5§ MW NBI
heated plasma ( #24 840) taken with an exposure time of 30
usec. The local orientation of the filaments with respect to
the 3 mm spaces between the 10X 10 cm carbor tiles can be
seen [the tile edges are exactly poloidal and toroidal, as
shown approximately by the white lines in Fig. 4(d)].

From these and similar images the position and orienta-
tion of the brightest of these filaments can be adequately
defined by eye, as indicated in Fig. 4(d). A distribution of
poloidal spacings between adiacent filament maxima is
shown in Fig. 5 for two discharges, one at 0.9 MA
{#£:24 840) and another with the same view and exposure
time but at 1.4 MA (4£24 842), both with 5 MW of NBL
The average poloidal wavelength defined in this way was
Apor ==3 cm for the 0.9 MA case and A,; =5 cm for the 1.4
MA case.
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FIG. 2. Digitized D, light intensity versus poloidal angle from a single vid-
eo field similar to those in Fig. 1. This intensity is evaluated along a poloidal
arc through the bright region near the center of the photos in Fig. 1. The
poloidal angle is measured with respect to the inner equator.
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FIG. 3. Variation of the B, filaments versus camera exposure time. The
exposure times are {a) 15 psec, (b) 40 usec, (¢) 160 usec, and (d) 400 ysec,
taken from stmilar NBI discharges (#£22 871, #22 923, #22 956, and
22 928, respectively ). The filament structures are qualitatively similar in
(2} and (b} but are blurred out in (c) and (d), indicating a characteristic
autocorrelation time of roughly 100 usec for these fluctuations.

For the same set of filaments the local angle with respect
to the toroidal direction was estimnated, with resulis shown in
Fig. 6. The average toroidal angle of the filaments was about
4°-5° for the 0.9 MA case and about 6°-7° for the 1.4 MA
case, with an uncertainty of about + 2° for each filament,
The local magnetic field directions (including the poloidal
field as calculated from the equilibrium code'®) are 2° and
3.5°, respectively. Thus the net angle of the filaments with
respect to the local magnetic field direction, ¢,.,, combined
with the measured poloidal wavelengths of Fig. 5, can be
used to estimate a parallel wavelength A, for these filaments
{as measured along the total magnetic field) through

FIG. 4. Images of D, light from the TFTR inner wall similar to those in
Fig. 1 but taken with the narrow field of view shown in Fig. 1{a}. In (d) the
alignment of the filaments (shown by black lines) can be seen with respect
10 the toruidal versus poloidal spaces between the 10X 10 cm carbon wall
tifes (indicated approximately by the white lines). The exposure time was
30 gsec for these fields.

Ay = Aot /Bner - The average result is A = 100 cm for both
cases, but the variation among the filaments and the uncer-
tainty in each measurement are such that A | ranging from 50
cm to infinity (i.e., k; = 0) are included in this data set.
Several results of a more qualitative nature were also
obtained from these images. In general, the D, light emis-
sicnt at the inner wall during Ohmic plasmas was too dim to
see filaments clearly in any single field, although they often
seemed (to the eye) to be present when the video tape was
replayed at normal speed. When helium gas was used in Oh-
mic discharges the visible light was brighter (with the D,
filter removed) and filaments did appear clearly, aithough

30 30 —
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7777
0 ® // FIG. 5. Poloidal wavelength distribu-
@ 20 — 820 - 7 tion between adjacent filaments as de-
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FIG. 6. Toroidal angle distribution
of the filaments for the same two dis-
charges as in Fig. 5. The net angle
between the filaments and the local
magnetic field is about 3°, indicating
a relatively small parallel wave-
fength along the magnetic field for
these fluctuations.
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not as distinctly as in D, with NBI. When a carbon 111 filter
at 460 nm {10 nm wide) was used during NBI, dim filaments
similar to those seen in D, were also observed. A videotape
showing these features is available from the authors.

A potential application of this technique would be to
correlate edge turbulence with changes in plasma param-
eters. However, at this point we have not attempted such a
correlation because qualitatively similar I3, filamentation
was seen during a// NBIdischargesintheranges0.8-2.2 MA
and 5-15 MW during the 1986 TFTR run, including both “L
mode” and “supershots.” Any quantitative interpretation of
some systematic variation of these fiuctuations would need
to take into account the various possible causes for D, light
variations discussed in Sec. III. For example, a variation in
the radial width of the D, emitting layer resulting from edge
profile changes could affect 7 /F without changes in the local
R, /R,

B. Tentative interpretations

Several features of these D, light fluctuations 7 {where T
is integrated over the inner radial shell of I3, ) are at least
qualitatively similar to edge density fluctuations 7, as pre-
viously measured with Langmuir probes in TFTR' and
smaller tokamaks.>**'* Both /1, and I form toroidaily eion-
gated filaments with a poloidal scale much smaller than the
plasma minor radius, as in Fig. 1. In addition, both 7, and 7
are also very large in magnitude in the edge region (7, = 10-
50 eV), ie., i, /n, =1 /1=50%, as shown in Fig. 2 for 7.

These I fluctuations look approximately the same at
~20° poloidaily above the inner equator to 50° poloidally
above the inner equator, where the calculated D, emission
varies from mostly “inside” the last closed fiux surface
(20°), to mostly within the “scrape-off”’ region (50°). Thisis
consistent with probe measurements, which show that the
edge density flucinations are approximately unchanged
when crossing the last closed flux surface.™'* Finally, both
7, and I also have relatively short autocorrelation times,
with a typical frequency of ~ 1 kHz for 7 (as inferred from
Fig. 3) being simiiar to that measured with probes in the
TFTR scrape-off region. !

The simpiest interpretation of these similarities would
be that the 7 fluctuations are representative of the local #,,
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i.e., the 7, A, and radiai averaging effects discussed in Sec.
1T are negligible, at least for those fluctuations in the observ-
able size-scale range A, > 2 cm. Tentatively assuming this,
we find several features of the inferred 7, to be new and
Surprising.

The first new feature is the large fluctuation level at the
inner major radius where very few edge 77, measurements
have been made.” This implies that the “good curvaiure” of
this region with respect tc MHD interchange instability is
not sufficient to stabilize these fluctuations.

The second interesting feature is the poloidal wave-
length of these fluctuation. The average poloidal wavelength
Apr =3-5 cm corresponds 0 K05 ~0.02 (where
koot =2/ Apy and p, is the ion gyroradius evaluated at the
electron temperature) or m = 100. This is about 10 times
farger than the &k, p, ~~0.3 expected from a collisional drift
wave model, ® but apparently much smeller than the m ~ 10
expected from a resistive fiuid turbuience model.?® This po-
loidal wavelength is also much larger than expected from an
empirical fit to tokamak 7, data given by Surko.*!

The third new feature is the relatively small paraliel
wavelength 4 | =100 em~0.1¢R cm deduced from the aver-
age toroidal angle of the filaments in Fig. 6. This is much
smaller than the usual theoretical estimate of a large
Ay =qR=1000-1500 cm set by the high parallel electron
conductivity. A similarly short parailel wavelength
Ay =0.1-0.3¢R for edge i, turbulence has recently been de-
rived from two-probe correlations in TEXT.?* Note that the
TEXT results show (as does Fig. 6) that the filaments tend
to be at a larger angle with respect to the toroidal direction
than the local magnetic field .

Finally, there is a surprisingly sharply peaked &, spec-
trum evident in photos like Fig. 1 (d) and in the distributions
of Fig. 5, which is in contrast to the usual broad & spectra
deduced from probe and scattering measurements.?>>* This
peaking is partly due to the averaging over smaller wave-
lengths within the D, emitting region (since 4,0 =A o for
edge #,), and partly due to the finite exposure time {since
the smaller wavelengths are presumably “blurred” by the
time integration ). Nevertheless, there does often appear (to
the eye) to be a “quasicoherent” nature to these edge fila-
ments that bears further investigation. Possibly this observa-
tion is related to the quasicoherent mode seen near the inner
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equatorial plane in scattering measurements in TEXT?® or
during the H mode in PDX.*®

V. MERFES
A. Experimental resuits

A second type of edge fluctuation has been observed
with this plasma TV imaging system. We call this new phe-
nomenon 2 “merfe,” which suggests its connection to the
well-known “marfe.”

Marfes {(“multifaceted asymmetric radiation from the
edge’”’) are poloidally localized, toroidally symmetric edge
perturbations that have previously been studied with multi-
channel imaging systems in Alcator* and TFTR.? Marfes
occur spontaneously in either Chmic or beam-heated TFTR
plasmas near the high-density limit, and are clearly seen in
our visible imaging system. Figure 7 shows a typical marfe,
which is a solitary toroidal band that starts at the inner equa-
tor and moves very slowly poloidaily. When the density is
raised further, the marfe moves to the top of the vessel and
then forms a poloidally symmetric “detached plasma.”**

Merfes (“moving ensemble of radiations from the
edge’) are also poloidally localized and toroidally symmet-
ric bands of light, but they have several peculiar features, as
shown in Fig. 8. First, several such bands occur simulta-
necusly, as opposed to marfes, which are solitary. A typica!
merfe pattern first appears clearly during NBY, as shown in
Fig. 8(a), when typically five to seven stationary bands are
located symmetrically up and down along the inner bumper
limiter during NBI. These merfes appear similar when

DIAGNOSTIC poRT 27 A GETTER PAREL
) NEUTRAL BEAM

INJECTION PORT

MCVEABLE
LIMITER

~
BELLOWS
COVER
PLATES

TV VIEW INSIDE TFTR

T=3.3 SEC

T=4.58¢C T=5.18EC

viewed using either all visible light, the D, line, or the car-
bon Il line, both at very slow (16 msec as in Fig. 8) and very
fast { ~40 usec) exposure times.

After NBI the visible light emission diminishes due to
decreased recycling at the inner wall, but the merfes remain
stationary until the plasma current begins to decay. Then at
some point during the current decay a remarkable change
occurs: the merfes suddenly begin to cascade toward the top
(for those previously in the upper half) and bottom (for
those previousiy in the lower half), simultaneously and sym-
metrically. As old merfes move away from the inner equator,
new ones seem {0 be born there, and these follow the older
ones poloidally toward the outer equatorial plane. As this is
bappening the spacing between merfes at a given poloidal
location gradually decreases, uniil the merfe spacing be-
comes too small to resolve (=5 c¢m), and eventually the
plasma detaches from the inner wall. The typical merfe be-
havior as shown in Fig. 8 was cbserved over the whole range
of NBI discharges in 1986 (0.8-2.2 MA, 5-15 MW NRI),
but was not always present.

B. Tentative interprefations

The simplest interpretation of these merfe images is that
the 7 Auctuations are due to thelocal 71, and/or T, asin Sec.
ITE, which would also be consistent with the usual marfe
thermal instability physics.® Since the merfes move poloidal-
ly beyond the edge of the inner bumper limiter during cur-
rent decay, it is unlikely that the plasma-wall interaction
itself plays an important role in their dynamics.

T=3.8 SEC

-
T

8.7 SEC

FIG. 7. Example of a marfe in TFTR. The marfe is a bright toroidal band of light which forms at 3.9 sec near the inner equator and slowly moves toward the
top of the vessel. This sequence was taken using all visible light 2t 16 msec exposure time in 1985 when the inner wall was composed of Inconel plates instead of

carbon tiles (but similar marfes were observed with carbon walls).
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The merfe’s most surprising property is that its poloidal
wavelength does nof correspond to the poloidal mode num-
ber m = g(a) set by the magnetic geometry. For example,
during steady-state NBI when ¢(«) =9, merfes remain sta-
tionary at poloidal angles of approximately + &°, + 20°, and

4+ 36° with respect to the inner midpiane (see Fig. 8), which

corresponds o a poloidal mode number m = 25. During cus-
rent decay the average merfe spacing decreases to mix= 50—
100 when g(¢) = 15-20. This, along with their toroidally
symmetric # = ( structure, implies that merfes are not the
same as magnetic “locked modes.”

Also surprising about these merfes is their slow ( = 1 m/
sec), smooth poloidal phase velocity both up and down sym-
metrically away from the inner equator during current de-
cay, which is very different from MHD or local electrostatic
mode propagation. Perhaps the merfes are a signature of
some internal, radially localized plasma structures that are
“peeling off” against the inner wall as the current decays.
Such internal structures might be causing previously unex-
pected edge plasma transport.

Vi. CONCLUSIONS

Two types of edge fluctuations were investigated with a
visible I3, imaging system viewing the inner wall during
high-power NBI in TFTR. The first were seen only with
exposure times <« 100 usec and are turbulent “filaments”
most likely due to edge density fuctuations. The second are
a new phenomenon, “merfes,” which are multiple stationary
or slowly moving toroidal bands similar to marfes.

These turbulent filaments seen in TFTR with high-pow-
er NBI are at least qualitatively similar to those reported in
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FIG. 8. Example of a merfe in
TFTR (discharge #22 029). Dur-
ing NBI the merfe bands are sta-
tionary with respect to the inner
wall at the positions shown in (a).
Note that this is a wide field of view
similar to that shown in Fig. 1(a),
but of the lower half of the vessel.
Just after the plasma current be-
gins to decay (i.e., well after NBI),
the merfe bands suddenly begin to
move poloidally from the inner
midplane toward the outer mid-
plane, as shown in (b}~(d). The
merfe structure and movement is
symmetrical above and below the
midplane.

smaller Ohmic tokamaks™>*'*'* and also in JET with NBLY
However, several interesting new features of these edge fluc-
tuations could be inferred with the present 2-D optical imag-
ing system. For example, the poloidal wavelength of these
filaments of = 3-5 cm was much larger than expected from
collisional drift wave turbulence models, while their parallel
wavelength of =~ 100 cm was much shorter than expected.
There was also (occasionally) a surprisingly ccherent struc-
ture to these filaments that is not usually associated with
edge turbulence, as in Fig. 1(d).

Although these results can be used to clarify the physics
of this turbulence, they cannot be used to assess the Suctu-
ation-induced transport directly. However, it seems plausi-
ble that this large edge fluctuation level is connected to the
unexplained large edge transport in tokamaks.

The “merfe” structure that sometimes appeared during
NBI was apparently unrefated to these turbulent filaments,
as seen by the peculiar regularity of their poloidal phase ve-
locity after current decay. The merfes are probably similar to
marfes, and may indicate a previously unexpected edge
transport mechanism during NBL

Most of these features observed with the optical imaging
system in TFTR could not have been observed with conven-
tional fluctuation diagnostics such as Langmuir probes or
microwave scattering. However, a difficulty with this optical
imaging technique lies in interpreting the spectral line emis-
sion. For I, we argued that the light fiuctuations respond
mainly to #,, but this was not verified quantitatively. An-
other difficulty was a lack of time resolution in the video
format, but this can be overcome using a set of discrete pho-
tomultipliers in parailel with the camera system.

Future application of this method can use a more sensi-
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tive camera to examine higher temperature plasma regions,
using either the natural impurity line emission (with various
narrow-band filters) or the D, from an injected high-energy
neutral hydrogen beam. Such images of the 2-D internal
fluctuation pattern could provide some new insight into to-
kamak turbulence and transport.
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