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Abstract

The scaling properties of edge fluctuations have been investigated using Langmuir
probes in the edge region of the Advanced Toroidal Facility (ATF). Fluctuations in the ion
saturation current (Tg/l5) and transport inferred from the fluctuations increase with increasing
density gradient, while keeping unchanged local electron temperature. The modification of the
electron temperature in the range (10-50) eV, keeping constant the density profile, does not
have any significant influence on Ig/Is. In regions were Ei/B = 0, the poloidal phase velocity
of the fluctuations is given by vpp = 2Te/LnB. More than one of any so far proposed

mechanisms must be invoked to explain all the experimental observations.



Much effort is being done to understand the connection between plasma turbulence and
anomalous transport. There is experimental evidence showing that the induced turbulent
transport can account for most of the particle transport in the edge region of the plasma in
tokamaks and stellarators [1,2]. However, although our understanding of the plasma
turbulence has been improved during the last few years, the dominant free energy source
responsible for the turbulence (Vn, VT, VZ,...) has not been identified yet [3,4].

Studies of the scaling properties of fluctuations and transport in terms of local plasma
parameters can-best be done in the plasma edge because of its accessibility for diagnostic
measurements. The results can then be used to test theoretical models for edge turbulence.
Studies of this type have been carried out in the outer region of the plasma (r/aghear > 1) in the
TEXT tokamak [5], where aghear denotes the plasma region where the phase velocity of the
fluctuations reverses direction (shear layer). However, it has been shown recently that the
shear layer location determines a characteristic plasma region with possibly different drives for
the turbulence in the plasma edge (r/ashear < 1) and in the scrape of layer (r/aghear > 1) [6]. As
a consequence, the scaling properties of the fluctuations are possibly different in the scrape-off
layer side and in the bulk side of the shear location.

In this letter we present evidence for turbulence driven by multiple mechanisms in the
plasma edge region (r/aghear = 0.9-1.1) in the Advanced Toroidal Facility (ATF) (1=2,M =
12 field period torsatron with Rg = 2.10 m and a = 0.27 m). In the present experiments
plasmas were achieved using electron-cyclotron heating (ECH). Discharges with Pgcy = (200-
400) kW, e = (4-6) x 1012 cm-3, stored energy (Sg) = (1-2) kJ, and magnetic field (B) =1 T
have been studied. Plasma edge turbulence has been characterized by means of Langmuir
probes using the experimental methods previously described [2,6]. Fluctuations in the ion
saturation current (I = ne Tel/2) have been usually interpreted in terms of local density
fluctuations (Is/Is = fi/n) (1). However, the possible existence of substantial temperature

fluctuations in the plasma edge region of ATF [6] would affect the interpretation of the



Langmuir probe measurements. For the sake of precision and clarity in this paper we keep the
notation Ig/Ig instead of the fi/n. |

Figure 1 shows the radial profiles for density, temperature and ion saturation current
(Ts/1s) and floating potential (§¢/T¢) fluctuations, using the velocity shear layer as a point of
reference. These measurements were done in plasmas with Pecyg = 200 kW, ne = 4 x1012 cm-3
and PEcH = 400 kW, ne = 6 x 1012 cm-3, Within our experimental error, temperature gradients
remain unchanged. However, the density profile is steeper in the case of plasmas with Pecy =
400 kW and ne = 6 x 1012 cm-3, implying an enhancement in the fluctuations of the ion
saturation current.

The particle flux due to the correlation between density and potential fluctuations (I')
has been computed with the assumption that the effect of temperature fluctuations on probe
current fluctuations is negligible and that the floating potential is a good estimate of the plasma
potential fluctuations [2]. Particle fluxes also increase with increasing Vn. This enhancement in
the particle fluxes is mainly due to I effects.

The scaling of the ion saturation current and floating potential fluctuation levels with Vn
is different, as shown in Fig. 1. Additionally, the probe current fluctuation levels are well
described by the mixing length level, Ig/Is = (0.5-1)/(kLy), where k is the poloidal wave
number, whereas the floating potential fluctuations do not show a mixing length scaling. These
results can be a consequence of a non-Boltzmann relationship of the fluctuations (i.e. Ig/Is =
fi/n # $p/T¢), but may also be evidence of non-negligible temperature fluctuations (i.e. §g #
%). Actually evidence of substantial temperature fluctuations in the plasma edge region in ATF
has been recently reported [3,6] which can be an indication of radiation drives for the
turbulence.

The influence of local electron temperature on probe current fluctuations has been
studied in plasmas with different line average density. Figure 2 shows density, temperature and
current probe fluctuation profiles measured in plasmas with ne = 4 x 1012 cm™3 and nle = 6 x

1012 cm™3 and plasma heating power PEcy = 200 kW; electron temperature profiles are



sensitive to the average electron density while radial density profiles remain basically constant.
It is clear that a modification in the local temperature in the range (10 - 50) eV, keeping
unchanged the density profile, does not have any significant influence on To/Ig (Tg/1 o<
T0-0£0.2),

Density gradient driven turbulence models developed by Terry-Diamond and Waltz-
Dominguez [7,8] predicts fi/n < Te0-53. The model proposed by Hasegawa-Wakatani gives fi/n
o= T¢0-25[9]. Turbulence driven by resistive interchange modes predicts p/p o Te- 0-50
assuming Spitzer's resistivity [10].

Interchange modes are expected to be one of the dominant mechanism in the edge
region of stellarator devices. Furthermore, the theoretical expectations of resistive interchanged
turbulence levels (p/p) [11] are consistent with the measured probe current fluctuations Ts/Is

(I,e<nT Y 2) for r/aghear < 1.0 (Figure 3). In the scrape-off layer side of the velocity shear
S (]

layer (r/aghear > 1) the level of current fluctuations is much higher than that calculated for
resistive interchange inst;'ibilities. Interchange modes are candidates to partially explain edge
fluctuations in the plasma bulk side of the velocity shear layer.

With nitrogen and methane puffing a substantial cooling of the plasma edge has been
observed in the TEXT tokamak, while probe current fluctuations remain essentially unchanged
(.e. Tg/Ig o= Te0) [12]. The similarity of the edge density fluctuation levels in ATF (stellarator)
and TEXT (tokamak) (0.9 < r/aghear < 1.2) [3], as well as the similar scaling TS/IS o To0
(t/aghear < 1), suggest a common and dominant drive for the edge turbulence in both devices.
Atomic physic processes, such as radiation, ionization and charge-exchanged, work in both
tokamak and stellarator devices and should be considered as candidates to account for edge
fluctuation levels [3]. Actually, turbulence driven by radiative instabilities has been already
considered as a possible candidate to partially account for the observed edge turbulence
[12,13].

Figure 4 shows the influence of edge electron temperature on the poloidal phase

velocity of the fluctuations (vpn) as well as on the velocity due to the radial electric field (vgxp



= E;/B) in the plasma region r/aghear = (0.8-0.9). The velocity has been computed from the
S(k,m) function using two ﬂoating potential signals [6]; vph=2k(m/k)S(k,0))/ZkS(k,m). The
plasma potential (q)p) and the radial electric field (E, = —dq)p/dr) have been estimated from
measurements of the electron temperature and the floating potential [2]. The phase velocity
propagates in the electron diamagnetic drift direction with a value in the range (0.5 - 2) x 105
cm/s and it is considerably larger than vgxg (= 0.2 x 103 cm/s). It has to be noted that Vph

increases by increasing electron temperature. Thus, in this plasma region (r/a = 0.8-0.9)

shear

where the plasma potential is essentially constant, the phase velocity of the fluctuations is
dominated by the electron diamagnetic drift velocity (v*= Te/BLy) and Er x B velocity effects
are weak. However, although the scaling of vpp with temperature is in agreement with the
temperature dependence of the diamagnetic drift velocity, its value exceeds the diamagnetic drift
velocity by a factor of about two . This may be due to the presence of non-linear effects (i.e.
mode coupling [14]) that can substantially modify the frequency spectrum of the fluctuations
(w) and consequently the measured mean velocity (vph=w/k).

Because VExB << vph in the plasma edge region (r/ashear = 0.9), the two point
correlation technique can be used reliably to get the poloidal wave number (k). The product
kps, where pg is the ion gyroradius at the electron temperature, is about (0.05 - 0.1) [2], and it
is independent of temperature.

In conclusion, when the free energy available to drive turbulence (Vn) increases,
fluctuation levels (TS/IS) and transport also increase in the edge plasma region of the Advanced
Toroidal Facility. Fluctuations in the probe current (Ts/Is) are independent of the local
temperature in the range (10-50) eV. In the plasma region were E;/B = 0, the poloidal phase
velocity of the fluctuations is given by vpp = 2Te/LyB. More than one of any so far proposed
mechanisms must be invoked to explain all the experimental observations. Edge turbulence in
ATF is consistent with interchange instabilities with additional effects due to atomic physics

Processes.



Acknowledgements

The authors are grateful for contributions of B.A. Carreras, P.H. Diamond and L.
Garcfa. This research was sponsored in part by the Office of Fusion Energy, United States
Department of Energy, under contract DE-ACO05-840R21400 with Martin Marietta Energy

Systems, Inc. C. Hidalgo was supported by Euratom.



References

[1] A.J. Wootton, B.A. Carreras, H. Matsumoto, et al., Phys. Fluids 12, 2879 (1990).

[2] T. Uckan, C. Hidalgo, J.D. Bell, et al., Physics Fluids B 4, 1000 (1991)

[3] Ch. P. Ritz, T.L. Rhodes, H. Lin, et al., Proc. 13th Int. Conf. on Plasma Physics and
Controlled Nuclear Fusion Research, Washington, 1990 (IAEA, Vienna, 1991), IAEA-
CN-53/C-3-4, vol 2, 589.

[4] J.N. Leboeuf, D.K. Lee, B.A. Carreras, et al., Phys. Fluids B 3, 2291 (1991).

[5] T. L. Rhodes, "Experiments on Turbulence and Transport in the Edge Plasma of the

TEXT Tokamak", Fusion Research Center, The University of Texas at Austin, report
352 (1989)

[6] C. Hidalgo, J. Harris, T. Uckan, et al., Nuclear Fusion 31, 1471 (1991).

[7] P.W. Terry and P.H. Diamond, Phys. Fluids 28, 1419 (1985)

[8] R.E. Waltz and R.R. Dominguez, Phys. Fluids 26, 3338 (1983)

[9] A. Hasegawa and M. Wakatani, Phys. Rev. Letters 50, 682 (1983).

[10] B.A. Carreras, L. Garcia and P.H. Diamond, Phys. Fluids 30, 1388 (1987).

[11] B.A. Carreras, P.H. Diamond, Phys. Fluids B 1, 1011 (1989).

[12] C. Hidalgo, C.P. Ritz, T.L. Rhodes, W.L. Rowan, P.H. Diamond, H. Lin, A.J.
Wootton, Nuclear Fusion 31, 1661 (1991).

[13] D.R. Thayer and P.H. Diamond, Phys. Fluids 30, 3724 (1987) .

[14] Ch. P. Ritz, E. J. Powers and R.D. Bengtson, Phys. Fluids B 1, 153 (1989).



Figure captions

Figure 1.

Radial profile for density (ng), electron temperature (Te), floating potential (¢¢/Te) and current
probe fluctuations (Tg/Is) measured in ECH plasmas with Pgcy = 200 kW, ne = 4 x1012 ¢cm-3
(0) and Pecy =~ 400 kW, T =6 x 1012 cm™3 (°). The location of the velocity shear layer has
been used as a point of reference.

Figure 2.

Radial profile for density (ne), temperature (Te) and current probe (Ig/Is) fluctuation levels
measured in ECH plasmas with Pecy = 200 kW, Nie = 4 1012 cm3 (0) and Pgcyg = 200 kW,
e = 6 1012 cm3 (x). The location of the velocity shear layer has been used as a point of
reference.

Figure 3.

Fluctuations in the probe-current (I/Is) (o) and the calculated interchange turbulence levels (p/p)
(x).

Figure 4

Phase velocity of the fluctuations (vpp) and E x B velocity (vexg) as a function of the electron
temperature. Measurements carried out at r/aghear = 0.85, in ECH plasmas with Pgcy = 200

kW and ne = (4-6) 1012 cm3.
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The scaling properties of edge fluctuations have been investigated using
Langmuir probes in the edge region of the Advance Toroidal Facility (ATF).
Fluctuations in the ion saturation current (Ig/lg) and transport inferred from the
fluctuations increase with increasing density gradient, while keeping unchanged
local electron temperature. The modification of the electron temperature in the
range (10-50) eV, Keeping constant the density profile, does not have any
significant influence on ig/lg. In regions were E /B =0, the poloidal phase
velocity of the fluctuations is given by v, = 2T /L B. More then one of any so
far proposed mechanisms must be invoked to explain all the experimental
observations.
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DEL STELLARATOR ATF.
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Se ha investigado la evolucién de los niveles de fluctuacines en la region del
borde del plasma del stellarator ATF en funcién de parametros locales del
plasma, mediante la técnica de sondas de Langmuir. Las fluctuaciones de la
corriente de saturacié de la sonda (Ig/lg) y el transporte inducido por las
fluctuaciones aumentan al incrementar los gradientes de densidad manteniendo
constante el perfil radial de densidad, no modifica sustancialmente Ig/ls. La
velocidad de propagacidon poloidal de las fluctuaciones es linealmente
proporcional a la temperatura electronica, cuando la velocidad de rotacion
poloidal debida a campos eléctricos radiales es despreciable (E,/ < 0.5 x 10°
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