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ABSTRACT

Electrostatic turbulence and varlous aspects of magnetic fluctuations have been
invaﬁtigated, in the edge region of the TBR—1 Tokamak, by using a set of Langmuir and
magnetic probes, and a triple probe. Measurements of plasma parameters such as potential,
density, temperature and magnetic field were taken in order to elucidate the effect on
transport of the electrostatic and magnetic fluctuations in the edge. The fluctuations levels
are found to be higher than in most tokamak discharges. The particle flux is outward and
of the order of that calculated from Bohm diffusion, and occurs in the frequency region
typical of the macroscopic MHD oscillations. The Mirnov oscillation frequencies in TBR—1
are higher than those observed in other tokamaks and, cbnsequently, there is an uncommon
* superposition between the Mirnov and turbulent densily fluctuations spectra. This fact
and the presence of high MHD activity may contribute to elucidate possible influence of

the magnetic oscillations on the electrostatic transport observed in plasma edge.

I INTRODUCTION -

Energy and particle transport in tokamaks are much higher than predicted from
neoclassical theory, and there are experimental evidences that they are associated to the
presence of plasma turbulence (Wootton, 1990). Much work has been done to understand
the basic mechanisms of this anomalous transport and to determine whether it can be
explained by either electrostatic or magnetic fluctuations {Diamond et al., 1990).

Research on basic experiments in tokamaks plays an important role in developing
the understanding of transport in these devices. Thus, analyses of fluctuation spectra, an
example of this effort, try to identify the relevant transport phenomena and to test current
theoretical models. These analyses are performed with data obtained from diagnostics that

measure broadband fluctuations in the inner part of the plasma, and measurements with

'Langmuir and magnetic probes located at the plasma edge (Kim et al., 1991). These

measurements provide information about the influence of the plasma edge turbulence on
plasma confinement, a relevant subject after the discovery of L and H confinement modes
in ASDEX (Wagner et al., 1982).

Characteristics of broadband fluctuations related to the phenomena of transport
have been obtained by knowing their statistical dispersion relations (Wootton, 1990).
These dispersion relations have been experimentally determined by using correlation
techniques to analyse signals which are measured at different spatial locations (Ritz et al.,
1984). Detailed measurements carried out in tokamaks and other machines have shown
that broadband electrostatic fluctuations are large enough to explain anomalous transport
in plasma edge (Ritz et al., 1989; Hidalgo et al., 1991; Robinson, 1986). On the other
hand, although the magnetic fluctuations are usually not directly significant for transport,
t_.hey are a useful indication of edge turbulence (Kim et al., 1991). While the major part of
this progress was made on conventional tokamaks, experiments with tokamak discharges

with high MHD activity and turbulence, like those reported in this article, may contribute




to emphasize relevant aspects not observed in other devices. _

Although magnetic fluctuations have been associated with discharée quality and
confinement degradation (Wootton, 1990), experimental limitations have made it difficult
to prove causal relations. In TEXT, correlations between a magnetic probe measuring
magnetic fluctuation and a Langmuir probe measuring density fluctuation have shown that
the coherency. between these fluctuations is strong and significant only at high frequency,
the range that accounts for most of the transport associated with the density turbulence,
and only when the Langmuir probe is inside the limiter radius (Kim et al,, 1991; Tsui
et al., 1991). Although there were strong fluctuations in both density and magnetic field,
the dominant part of the magnetic and density fluctuation frequency spectra were well
separated and furthermore the Mirnov oscillations (low~m number modes) frequencies were
much lower than the average density fluctuation frequency. It was also observed that
plasma edge conditions were significantly altered during high MHD discharges or modified
by externally applied helical magnetic field (Tsui et al., 1991; Roberts et al., 1991;
Lippman et al., 1991; Ribeiro et al., 1990), as it was suggested in (Karger and Lackner,
1977). Therefore, there are clear evidences that the magnetic fluctuation does noi
contribute directly to the ﬂuctuat.i.on—driven particle flux but, on the o.ther hand, the
possibility that it might influence the particle transport indirectly via a non-linear
coupling with the electrostatic fluctuation cannot yet be ruled out,

As it is reported in this paper, in the TBR—1I t.okamik, near the limiter, the Mirnov
oscillations and the dominant part of the density (and floating potential) fluctuation power
spectra have similar frequencies and most of the transport associated with the electrostatic

turbulence occurs in this frequency range. This fact may give new information about the

possible influence of the magnetic oscillations on the electrostatic transport in the tokamak

plasma edge.
The objective of the present investigation is to characterize the local, statistical

space/time propertiees of the turbulence observed in the plasma edge of the TBR-1, a

small tokamak with high MHD activity and turbulence, and to estimate directly the effect
of the turbulence on particle transport. The edge potential and density fluctuations were
measured with Langmuir probes and the edge magnetic fluctuations with magnetic probes,
Estimations of wavenumber frequency spectra S(k,w} of these fluctuations were based on a
two—point correlation technique and the fluctuation—induced particle transport is
determined by a method that have been applied to analyse fluctuations in the TEXT
tokamak (Levinsor et al., 1984). In addition, the density, floating potential, and electron
temperature radial profiles were also measured and their gradients and length scales were
determined to discern instabilities which may be respensible for the turbulence. The
experimental details are given in Section 2. Equilibrium and fluctuations profiles,
fluctuations spectra, correlations and transport are presented in Section 3. Discussions of

the results and conclusions are given in Section 4.

2. EXPERIMENTAL SET-UP AND MEASUREMENTS

TBR-1 is a small ohmically heated tokamak (minor radius a = § cm, major radius
R = 30 cm). For the reported experiments the machine was operated with a central
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electron temperature Te(o) v 2x10% &V, central density n{o} ¥ 6 x 10'% em™3, plasma

current Ip ~ 8.5 kA, toroidal field B ¢= 0.4 T (corresponding to a safety factor g(a) v 5).
A square array of four single Langmuir probes, separated both toroidally and
poloidally by 2 mm, was located at the top of the tokamak along the plasma centerline and .
it was used to measure density and potential fluctuations. The electron temperature and
density profiles were measured with a triple probe (Chen and Sekiguchi, 1965). In the
present analysis the effect of temperature fluctuations on the interpretation of saturation
current fluctuations in terms of density fluctuations is neglected. The poloidal and the

radial components of magnetic oscillations were measured near Langmuir probes by a set of




four radially separated coils, two of these coils measured poloidal components and the other
two coils radial components. This experimental set—up js similar to another one used in
the TEXT tokamak (Hollenstein et al., 1986; Duperrex, 1984). The signals were digitized
at 1 MHz, using a 8 bit digitizer. Digital spectral analysis based on a correlation technigque

developed by Powers and collaborators (Powers, 1990) were used to reduce the information

contained in the time series of fi(t), (), B g1) and ﬁr(t) obtained from the probes. The
data presented (averaged over four consecutive shois) were obtained during intervals of
approximately 2.0 ms, averaged after the plasma current reaches an appropriate plateau.

Data from the four—probe array were collected and the electron density and floating
potential profiles were estimated and their amplitudes used in the numerical analysis of
Section 3.

Measurements were made in the region accessible to the probes, i.e., rfa v 0.80 —
1.25. Temperature time averaged measurements from the triple proble are shown in Fig. 1;
there, the error bars indicate the shot to shat variance at each radial position. Fig.2 shows
the density profile determined with the triple probe. The edge density and temperature are
in the range n » 0.5 — 5.0 x 10') em™, T, ¥ 540 eV and T, ¥ 2Te (Silva, 1989). In the
interval 0.87 < rfa < 1.1 the density scale lenght is L,= [n /(1‘5";—)] 2 1.1 cm whereas
the temperature scale lenght is LTe 2 1.0 cm. In the plasma edge the ion Larmor radius

was estimated to be p = 0.9 cm, the ion cyclotron frequency ﬂci v 6 x 108

electron fion collision frequency Ve 13x 10° 7L

Hz, the

3. FLUCTUATIONS SPECTRA AND TRANSPORT

Fluctuations - profiles were estimated from probe measurements of fi/<n> and
e:}lv/kTe (space potential was computed from the floating potential} neglecting temperature
fluctuations. Root~mean—square fluctuations levels are higher than those observed in
other tokm&s. As it can be seen in Fig. 3, in/<n> decreases towards the inner regions
and ef,ﬁ:/k'l‘e has a maximum near the limiter. The different radial dependence of these
variables indicates that the linearized Boltzmann relation ifn= e(:ajkTe is not satisfied.

Fig. 4 shows experimental estimation of the S(k 9"") poloidal wave—number power
spectra, for typical probe measurements of potentiat and density fluctuations at rfa= 0,87.
The shapes of the poloidal spectra (figs. 4a and 4b) are quite similar and, in both cases,
they appear broad and asymmetric about the k= 0 axis, as it has been observed in other
tokamaks (Levinson et al., 1984; Holleinstein et al., 1986). The fluctuation power is
confined to frequencies w/?ar < 150kHz and wave-numbers [k,| < 3.5 cm™. On the other
hand, inside the plasma, the toroidal spectrum is broader for density than for the potential
fluctuations, which is in contradiction to previous results that showed nearly identical
toroidal spectra for fi and % (Levinson et al., 1984); however the probes alignment was not
accurate to permii definitive conclusions. As usually reported, in this work the poloidal
spectra are also broader than the toroidal ones.

Countour plots of the normalized spectrum function s(k,w) defined as:

sk = Skaw) (1)
E S(k,w)
LW

are shown in Fig.5, for density fluctuations at the positions r/a=0.87 ind 1.10. These
spectra show a change in the phase velocity. The dominant low wavenumber region is

characterized by a broad but peaked poloidal spectrum, the fluctuation power being smal
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for kﬂ 235 cm_l. Similar observations are valid also for potential fluctuations.
Statistical dispersion relations k(w) and their spectral width ak(w) were computed

from the normalized spectra:

E(w)zl{)ks(klw) - @
where
S(k!w)=_s(LEL ,
Ys(k,w)
k
ak(w)z[gkgs (kfw) ~ B (w)}lﬂ , (3)

‘analogous quantities @ (k) and o k) were also calculated in terms of wavenumbers.
On the edge plasma the turbulent broadening o) and ¢ W have about the same value

! and o,=1x 105Hz), but in

for the density and potential spectra (typically oy ¥ 2 cm”
the scrape—off layer ¢ are higher, and o o are lower, for { than for i. Measurements of the
correlation lengths resolved in frequency can be obtained by (ok)-l. The correlation time
for the { spectra is higher in the scrape—off layer than in the edge plasma, but it does not
differ significantly in these regions for the ii spectra, The sirength of the reported
turbulence can be shown by the relative broadenings o (k 0)/5 (kg =~ 1.6, higher than
those obtained in similar experiments in other tokamaks for which the values of this ratio
was about one {Levinson et al., 1984; Holleinstein et al., 1986). This stronger turbulence
might be caused by poor confinement conditions, typical of small tokamaks.

Power weighted phase velocities v ph in the poloidal direction were obtained from
the spectra with:

=% (6)

Yph Ty, sthpw)

'_Fig.ﬁ shows the measured Voh radial profile for both @ and f fluctuations. As it has been .

reported (Lin, 1991), the values of Vph &€ of the same order of magnitude than the
diamagnetic drift velocity. In the s'crape—off layer, this phase velocity is also comparable
to the poloidal rotation velocity E /B P computed from the floating~potential radial
profile, but in the plasma edge Voh is almost one order of magnitude smaller than
Er/B ¢ The computed phase velocity has the same direction as the ion diamagnetic drift
velocity in the edge plasma.

The radial induced particle flux T and its spectral distribution T'(w), due to
electrostatic fluctuations, were estimated from simultaneous measurements of i and p by
ensemble averaging over many realizations using (Ritz et al., 1989; Hidalgo et al., 1991;

Robinson, 1986):

= <i¥> = 25T(w) (7)
with
Vo= E0/B¢ = ik9¢[B¢ . | (8)

Fig.7 presents the radial profile of fluctuations induced particle flux with & maximum at
the radial location where i and { are maximum. Fig.8 shows typical frequency spectra of
poloidal ﬁg magnetic fluctuations measured at two different positions. Fig.9 shows typical

frequency spectra for Ey and ]§I at rfa © 128, Radial variation of the normalized

fluctuation amplitudes of the poloidal and radial magpetic field (1§9/B P ﬁr/Bg(a.))
estimated from magnetic probe measurements, is shown in Figs.10a and b. Near the wall

the decrease of fluctuation amplitude with radius is very pronounced, but there is a

significant peak on the B g profile at rfa = 1.24. This kind of B P profiles indicates the

existence of low k P and w tearing modes that have been measured also at edge plasmas in
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other tokamaks. The spectra of B p and B_ observed in the scrape—off layer are similar for

different radial positions except for lower relative level of high—frequency components
nearer the wall,

The relationship between the Langmuir and the magnelic probes measurements
were investigated by computing the cross—correlation and the coherence between the
signals measu.red by two probes radially separeted from each ot.her by 2.3 em. An example
is shown in Fig.11a, which presents the coherence ¥(w) between fi and B g for rfa = 0.99.
In this figure the coherence is small, except for w values near 50kHz that correspond to the
peak of the MHD activity observed in the TBR-] discharges (Vannueci et al., 1989). For
the same radial position i and § oscillate almost in phase for frequencies near 25 kHz
and, consequently, the transport Fﬁt,'a is significant only in this frequency range {Fig.12).
Moving the probes radially the same effect was not observed behind the limiter and in the
scrape—off layer, an indication that the small i and ¢ phase difference for the Mirnov
oscillation frequencies could be localized around a2 resonant magnetic surface. Further
investigations under development should give more details about this effect. Thus, in the

TBR- typical discharges, high MHD activity modulates density and potencial fluctuations

at the plasma edge.

4. CONCLUSIONS

Measurements of broadband density, po't.ential, and magnetic fluctuations at the
plasma edge presented in this paper illustrate the existence of several distinguishing
features under ohmic conditions and high MHD activity, typical of TBR— tokamak
discharges.

The fluctuations were measured with an appropriate set of Langmuir and magnetic

probes, and the density and potential radial profiles were determined by using a triple
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probe. The experiméental set—up and ﬁhe corretation technique were based on those used in
the TEXT tokamak. _

In the analysed discharges @ and fi are not intrinsically corvelated and do not satisfy
the linearized Boltzmann relation. The S{k,w) poloidal power spectra are poloidally
asymmetric and broader than the toroidal ones.

Statistical dispersion relations and their spectral width were computed. In the edge
plasma, o) and L have similar values for  and fi, but in the serape—off layer o, is higher
and 7, lower for @ than fi. The correlation time for the { spectra is higher in the

scrape—off layer than in the edge plasma, but ihey are approximately the same for the @

spectra.

The strength of the turbulence in TBR~! (given by the relative broadening
aw(k a)/w = 1.6) iz higher than in other tokamaks. The phase velocity is ‘of the same order
than the diamagnetic drift velocities with the same signal of the ion drift velocity in the
edge plasma.

The ﬁ& and ﬁr spectra are similar but the radial profiles of their amplitudes are

different and seem to be determined by low frequency Mirnov oscillations. Only for these

frequencies the correlations between density or potential fluctuations and B PL ﬁr are not
low.

"The particte flux resulting from fi and ¢ is outward and was estimated to be of
the order of that calculated from Bohn diffusion; it is also limited to frequencies lower than
100 kHz with a peak in the Mirnov oscillations frequency range. At these frequencies f
and § oscillations are almost in phase. Turbulence and transport studies in the edge
plasma of the TEXT tokamak show that fi and § oscillations can be modulated by
strong Mirnov oscillations but the transport is small at the Mirnov frequencies and the i
and ﬁﬂ spectra superposition is negligible {Lin, 1991). In our results, there is & partial

superposition of the B 0 and @ spectra al the Mirnov frequencies and this could influence
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the @i p phase difference at these frequencies and, consequently, increase the transport in
this frequency range.

The high MHD activity observed in the analysed discharges creates a stochastic
magnetic field in the plasma edge (Lin, 1991) and, as it was suggested recently (Finn et al.,
1991}, electrostatic sound waves propagation along these stochastic field could contributes
to particle field lines transport. This might explain the enhancement of the electrostatic
transport at the Mirnov frequencies. There are also evidences that the & and P
oscillations, and consequently the electrostatic transport, are modulated by the Mirnov

oscillations.
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FIGURE CAPTIONS

Fig. 1. ° Radial profile of temperature (Te)} The .error bars indicate shot—tﬂhet
variance.

Fig. 2. Radial profile for density, determined with the triple probe.

Fig. 3. Radial dependences of the normalized rms fluctuating amplitudes of potential
ep/kTe, and density fif<n>.

Fig. 4. S(ka,w) specira forr = 7.0 cin  a) obtained for , b) obtained for 1.

Fig. 5. Contour plots of the S(kgw} spectra for & a) at r/fa=0.87 b} at
rfa=1.10.

Fig. 6. Radial dependence of the fluctuation phase velocities a)for » b)forf.

Fig. 7. Radial profile of fluctuation induced particle flux I .

Fig. 8. Typical frequency spectra of magnetic poloidal fluctuations measured at two
different positions.

Fig. 9. Typical frequency spectra for magnetic fluctuations of B g and f?-r at
rfa=1.28.

_Fig. 10. Radial profile of a) normalized magnetic poloidal fluctuations b} normalized
radial magnetic fluctuations.

Fig. 11. The relation coherency between poloidal magnetic and density {luctuations.
Distance between probes 2.3 cm .

Fig. 12. Particle transport spectrum at r/a = 0.99 .
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