NH,
7
3

ELSEVIER

Journal of Nuclear Materials 266-269 (1999) 546-551

journal of
nuclear
materials

Space resolved fluctuations of electron density measured by
means of two thermal Li-beams in TEXTOR-94

A. Huber **, A.V. Nedospasov °, U. Samm ?, B. Schweer °

& Institut fiir Plasmaphysik, Forschungszentrum Jiilich GmbH, EURATOM Association, Trilateral Euregio Cluster, D-52425 Jiilich,
Germany
® Institute of High Temperatures, Russian Academy of Sciences, Moscow, Russian Federation

Abstract

Fluctuations of the electron density have been investigated in the edge of the tokamak TEXTOR-94 using two
thermal Li-beams. Both the radial and poloidal correlation functions and their corresponding correlation lengths have
been investigated inside and outside the last closed flux surface (LCFS) simultaneously. These measurements show
considerable differences between the fluctuation properties on open and closed fieldlines. At all conditions the results
indicate that the poloidal correlation length is a factor of 3 to 4 larger than the radial correlation length. The de-
pendence of the fluctuation parameters on various discharge conditions is presented. © 1999 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Plasma turbulence is considered to be an important
factor influencing particle and heat transport in the to-
kamak periphery. However, the instability mechanisms
and the control of the fluctuations are not yet clarified
completely. An improved knowledge of the temporal-
spatial structure of fluctuations is a prerequisite for a
deep comprehension of their nature. An extensive study
of the spatial structure of fluctuations was performed in
the CALTECH [1] and ASDEX [2] tokamaks and in the
W7-AS stellarator [3]. Investigations of fluctuations with
radial resolution have also been performed on TEXTOR
[4] using the thermal Li-beam. Generally it was found
that the fluctuation structures are extended along the
magnetic field while they are poloidally and radially
localized within a few centimeters. A new diagnostical
set-up for the simultaneous measurement of radial and
poloidal components of fluctuation parameters has been
installed in TEXTOR-94 using the spectroscopic obser-
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vation of two thermal Li-beams. This method can be
operated continuously over long discharges without
disturbance of the plasma and without restriction to
heat load.

2. Experimental arrangement

The investigation of plasma turbulence in the edge
has been performed in the tokamak TEXTOR-94 at the
following discharge parameters: By =2.25 T, I, =350
kA, R =1.75m,a =046 m, 7, = (1 —4) x 10 m~3 in
both ohmically and beam heated discharges. A simul-
taneous determination of the radial and poloidal com-
ponents of fluctuation parameters was achieved by the
operation of two narrow Li-beams (FWHM = 10 mm),
which were separated by 50 mm. The beams of thermal
Li-atoms have been generated by a newly developed
oven, which provides a long operation time and a
high reliability. The Li-atoms with a mean velocity of
~ 1.7 km/s were injected radially into the plasma edge,
where they were excited and ionized by the plasma. The
line radiation at A=670.8 nm of the excited atoms was
observed, usually used for determination of electron
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density profiles [5,6]. These measurements were per-
formed with high temporal (A7 ~ 2 ps) and spatial res-
olution (A, ~1 mm in radial and A, ~10 mm in
poloidal direction), thus allowing also the determination
of fluctuations from I/I, where I and I are the local
photon emission and its fluctuation, respectively.

The double oven was mounted on top of TEXTOR-
94 and the observation range of the detection system
was between r =440 mm and r = 500 mm. Depending on
the rotation angle of the system the beams can be sep-
arated in poloidal and toroidal direction. The latter one
does not affect the measurement, because the correlation
length along the magnetic field line is very long [7].
However, the toroidal separation is necessary to allow
the observation of the two beams. By rotating the
double oven, the poloidal distance between the two
beams can be changed within steps of Ax = 3.75°.

The line radiation due to the interaction between Li-
atoms and electrons was imaged with a lens onto two
arrays with 16 light guides connected to photomultipli-
ers (Fig. 1). Each array consists of 8 channels (light
guides) arranged in radial direction and collects the
emission light from one beam. The centers of the light
guides are 2 mm apart from each other so that the entire
arrangement covers about ~ 17 mm in radial direction.
Both arrays can be moved in radial direction. Due to
this possibility, the whole Lis,_»-emission profile can be
measured with a fast detection system. For spatial
analysis of the turbulence structure we have used the
normalized cross-correlation functions cor(x, 1) =
5 fg(t+1)de/ [7 f()g(r)de, and the correlation
length / is defined in this work as cor(/,0) = 1/e. The
radial distribution of the Li-emission line is measured
with a 2d-camera with 128 x 128 elements every 20 ms
(slow system). The radial profiles of n. can be deduced
from this emission signals. The combination of mea-
surements with photomultiplier and 2d-camera allows
the determination of the absolute density fluctuation 7.
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Fig. 1. Observation system of the Li-beam diagnostic at
TEXTOR-9%4.

More details about the experimental set-up are given in
[8.9].

3. Results

The radial variation of the relative fluctuation am-
plitudes in radial range of r=400-500 mm is presented
in Fig. 2. The measurements were made in a series of
three ohmic discharges with the same plasma parameters
(. = 1.5 x 10" m~3). The relative error due to photon
statistics was ~ 2%. A continuous increase of the rela-
tive amplitudes 7. /n. with higher plasma radii can be
seen: from about 8% on the LCFS up to about 20% at
=500 mm. The absolute amplitude of the fluctuations
is calculated from the mean value of electron density and
the relative fluctuation amplitudes, showing an increase
with smaller radii (Fig. 2).

An important parameter of fluctuations is the spatial
extent of fluctuation events, presented by the radial and
poloidal correlation length. Fig. 3 shows the typical ra-
dial correlation length /, found on TEXTOR-94. The
correlation length is presented as a function of 7. for
ohmic discharges and for discharges with neutral beam
heating (NBI). These measurements were carried out at
a plasma radius of » = 466 mm. We see that the corre-
lation length with NBI-heating is larger than with ohmic
heating alone in the range of 7, = (1.0 —4.0) x 10"
m~3. The increase of the radial correlation length with
heating power has also been observed in the DIII-D
tokamak [10]. Cooling by neon injection to achieve a
large radiation level y in discharges with NBI-heating
leads to an additional increase of /..

Fig. 4 shows the relation of /,//, as function of the
measured fluctuation level, where 4, is the e-folding
length of the electron density. The density fluctuations
can be aproximated by n./n. ~ 0.25 x 1,/4,, which is
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Fig. 2. Radial variation of the relative and absolute fluctuation
amplitudes of electron density. The limiter was located at the
plasma radius r =460 mm.
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Fig. 3. Radial correlation lengths as function of 7. at plasma
radius r=466 mm: the triangles represent discharges with
ohmic heating; dots discharges with additional neutral beam
heating; circles discharges with neutral beam heating and neon
injection, where y = P4/ Pheat 18 the ratio between total radiated
power and total heating power.
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Fig. 4. [,/ 2, versus relative electron density fluctuation 7 /n..

consistent with the mixing length estimation within a
factor of 4. This is valid for small fluctuation wave-
lengths 4 <« 4, and correspondingly for /, < 4,. For
discharges with neon this estimation is not valid since
l,/y 2 1. The fluctuation levels in discharges with NBI
are higher than in pure ohmic discharges.

Fig. 5 (left, top) shows the radial correlation function
for an ohmic discharge. The measurement range was
outside the LCFS between 468 mm and 482.4 mm. The
plasma radius of the reference signal rp was 475.2 mm.
The level of the correlation function is drawn by equi-
distant lines. The degree of correlation is coded in a
color scale (red maximum, blue minimum). This figure
shows a ‘correlation structure’ which is extended along a
straight line. The inclination of this structure gives the
velocity of the fluctuations in radial direction: v, =
1.4 x 10> m/s. The sign of the inclination indicates that
the velocity is directed inward.

Due to poloidal separation of the two beams, the
poloidal and radial correlation functions can be deter-
mined simultaneously. Fig. 5 (right, top) shows the
cross-correlation for six poloidal separations at the
plasma radius of r =475 mm. To achieve this, the same
number of identical discharges was needed. The poloidal
angle between the beams was changed after every dis-
charge.

This presentation shows, that the maximum of cor-
relation varies with the poloidal separation. This can be
explained by a propagation velocity of the fluctuations.
The inclination of the correlation shape gives a poloidal
velocity of vy = 10 m/s. The direction of the motion can
be determined from the sign of time delay. The fluctu-
ations propagate in the diamagnetic drift direction of the
ions.

The poloidal correlation length is a factor of 3 to 4
larger than the radial correlation length. Fig. 5 (bottom)
shows the radial and poloidal correlation functions
inside the LCFS. All measurements were carried out
under the same plasma conditions. We observe that the
fluctuations move inside the LCFS in opposite direction:
poloidally in the direction of the electron diamagnetic
drift, radially outwards.

The radial and poloidal correlation functions provide
the radial and poloidal components of the propagation
velocity of fluctuation. It cannot be decided whether the
observed velocity were bulk velocities of plasma or ve-
locities of fluctuation, or any combination of both. The
poloidal drift velocity of the plasma, — vy ~ , X , mea-
sured by a fast reciprocating probe located at the mid-
plane of TEXTOR-94 is about 1 km/s outside LCFS [11]
and of the same order as the poloidal propagation ve-
locity of fluctuations determined from the correlation
analysis presented here. The , x -velocity is able to
contribute an essential part to the poloidal and radial
propagation velocity. Let us consider, for example, a
plane wave with wave number and phase velocity — vy
directed radially outwards. If the plasma has such a
poloidal velocity — vy that the projection of this velocity
on the -direction is larger than the phase velocity
(— vg — — vk./k) > 0, one sees the inverted figure, the
wave moves inwards.

Experiments with different magnetic field direction
have been made to examine the influence of rotation.
Fig. 6 shows the radial correlation function for two
different cases: normal field configuration (Z, T| B,) (top)
and inverted configuration (/, 11 B,) (bottom). The
measurements were carried out in two ohmic discharges
with identical plasma parameters (7, = 2.5 x 10" m~3).
We observe that the fluctuations with inverted magnetic
field propagate in the opposite direction. At the normal
configuration the fluctuations propagate with a radial
velocity of ~ 10> m/s inwards and with reversed mag-
netic field it moves with radial velocity of =~ 2 x 10> m/s
outwards. The lifetime of the fluctuations is in both
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Fig. 5. Radial (left) and poloidal (right) correlation functions (a) outside the LCFS [top], (b) inside the LCFS [bottom].

cases approximately the same (7 & 30 ps). The half
width of the auto-correlation functions are different.
This can be explained by different radial components of
the propagation velocity. The auto-correlation function
is narrow at large velocities.

Fig. 7 shows the poloidal correlation functions for
these two cases, which were received from two poloidally
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Fig. 6. Radial correlation functions with different magnetic field
directions: B, and I, antiparallel (top) and B, and I, parallel
(bottom).

displaced points. The correlation in the case I, T| B, has
a maximum during negative time delay. The maximum
of correlation with inverted magnetic field is located at
positive time delay. This fact can be explained by dif-
ferent rotation directions. The fluctuations propagate in
both cases in the direction of the ion diamagnetic drift:
electron and ion diamagnetic drift directions are inver-
ted when B is inverted. In the normal field configuration
the electrons drift to the top of the plasma column. The
ions drift to the bottom. One observes a change of the
poloidal distance between the measurement points and a
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Fig. 7. The poloidal correlation functions with different mag-
netic field directions.
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Fig. 8. Radial (bottom) and poloidal (top) wave number spec-
trum outside the last closed flux surface.

corresponding different values of the correlation func-
tions due to the helicity of the magnetic field. The po-
loidal correlation functions shown in Fig. 7 differ by a
factor of about 2.

An integration of frequency and wave number spec-
tra S(k,w) over the frequencies yields the typical S(k)
dependence shown in Fig. 8. At large & we have
i ~ k. In our experiments with 7, = 1.5 x 10" m
q ~ 3 —3.2 for poloidal waves and ¢ ~2.2—24 for
radial waves.

4. Discussion

4.1. Distribution of the density oscillations over the
spectrum of the turbulence.

In many papers [12-15], it was shown that the theo-
ries of interchange turbulence in the scrape-off layer
(SOL) with dissipation by currents flowing through the
potential sheath near the surface (SD-surface dissipa-
tion) are usually capable to explain the experimental
data. Pressure perturbations cause perturbations in the
current to the limiter which, in turn, vary the potential
distribution and cause a fluctuation of the poloidal
electric field. In this case, a positive pressure perturba-
tion shifts towards domains with lower pressure, i.e. a
convective instability exists.

The mechanical work due to plasma expansion in its
turbulent motion in the radial direction is dissipated by
a fluctuating current near the surface

[ovpav == [Gigsas. (1)

Here ¢ is the plasma potential, v the mean plasma ve-
locity. Due to the surface dissipation the energy is
transmitted from one wave to others. Since the fluctua-
tions in the SOL are correlated over some short trans-
verse dimensions, the dissipation of energy is also local
in the range of the correlation scale, independent of the
oscillations beyond this scale. According to the experi-
mental data obtained with Langmuir probes, the fractal
dimensionality of the random oscillations in the SOL
varies in the range of 616, i.e. they are sustained by the
interaction of a small number of independent modes
[16]. This circumstance was used in [17] for the first
approximation of the turbulence spectrum. The depen-
dence of the level of fluctuations on the waves numbers
can be estimated more easily with the assumption that
an individual non-linear wave is local (i.e. it does not
exchange energy with other waves). The level of the
relative fluctuations, which are responsible for dissipa-
tion in the wall layer (this dissipation limits the growth
of the wave), varies like i /n? ~ k2. For larger values of
2 /n2, the ¢j) losses exceed the energy released in the
volume, and fluctuations of this type attenuate.

According to the theory of turbulence with SD, the
energy is transferred from shorter to longer waves and
from poloidal to radial waves. In agreement with this,
the steeper decrease of 7 with increase of k, for ky and
also for k, Fig. 8, correlates with theoretical prediction.
The limit of the variation of S(k) is kp;, ~ 0.1 —0.15,
where p, is the Larmor radius.

4.1.1. Enhanced radial correlations and diffusion for low
plasma temperature

The simplest theoretical models predict SD in the
SOL to be dominant if the inequality o=
(me/m;)' L/ . < 1 is fulfilled, where m, and m; are the
electron and ion mass, respectively, L is the connection
length, /. is the electron mean free path. The left side of
this inequality is approximately equal to the inverse ra-
tio of the product of the longitudinal electric field £ and
L to the Langmuir sheath potential =~ T, /e for floating
conditions, i.e. it is the ratio of SD to volume dissipation
by Coulomb collisions (VD). The inequality usually
holds for tokamaks with small and middle sizes. How-
ever, for a cold, dense edge plasma, this inequality is not
valid.

In TEXTOR-94 with connection length L = 2ngR =~
35 m, the parameter o is in the range 0-0.4 for the
plasma conditions described above. For discharges with
neon, this parameter is about 1-2. It means that VD is
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comparable with SD. The radial correlation length is
increased drastically with cooling by neon injection, the
level of the density fluctuations and 4, increase slowly.

The excitation of current-convective (rippling) tur-
bulence in the presence of impurities in addition to SD is
more likely to happen in this case. The reason of the
turbulence is that the density fluctuations of low Z im-
purities in a dirty plasma result in Zg fluctuations,
which in turn drive rippling instabilities. This possibility
was discussed in [18,19]. Note, that under these condi-
tions, the radial correlation length is comparable with
the e-folding length of the density. Such large dimen-
sions of the convection cells do agree with the theoretical
estimation in the frame of impurity-driven rippling tur-
bulence.

5. Conclusion

First measurements of electron density fluctuations,
simultaneously resolved in radial and poloidal direction,
have been made in TEXTOR-94 using the spectro-
scopical observations of two Li-beams. The radial cor-
relation length in the SOL of TEXTOR-94 varies
between 3 mm and 6 mm in plasmas with ohmic heating,
and respectively between 7 mm and 13 mm with addi-
tional neutral beam heating. The measurements indicate
that the poloidal correlation length is a factor of 3 to 4
higher than the radial correlation length. Outside the
LCFS, the fluctuations propagate poloidally in the di-
rection of the ion diamagnetic drift with a velocity of ~1
km/s and their radial velocity is about ~0.14 km/s in-
wards. Inside the LCFS, the fluctuations move in op-
posite direction, poloidally and radially. These
propagation directions change sign with reversed mag-
netic field. The radial correlation length is increased with
cooling by neon injection: /. =~ /4, at radiation level of
y = 0.8, indicating a transition from surface dissipation
to volume dissipation when the edge temperature is re-
duced.
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