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Abstract. In this paper, we report measurements of turbulence drive and spreading
in the edge region and Scrape-Off Layer (SOL) of the TJ-II stellarator for plasmas
heated by ECRH and NBI. In addition, we show how these and various other relevant
quantities can be modulated actively via edge biasing, i.e., by establishing an edge
flow shear layer. When the edge E x B shear reaches values close to the inverse of the
turbulence correlation time, turbulence spreading and edge-SOL coupling are reduced
significantly. The resulting control of SOL spreading via the edge E x B shear is
important in view of the issue of understanding and controlling the SOL width in
fusion-relevant devices.
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1. Introduction

A critical issue for the development of viable fusion reactors based on magnetic
confinement is the power exhaust from the core plasma and the deposition of power
on the divertor plates, which may not exceed the thresholds set by material properties.
The deposition area and hence the power density is determined to a large extent by
the Scrape-Off Layer (SOL) width [I} 2]. Therefore, it is of fundamental importance to
dispose of a proper understanding of the mechanisms that set the SOL width, as well
as techniques to influence it.

To first order, the SOL width is determined by the competition between cross-
field and parallel transport, where parallel transport is typically treated classically,
whereas cross-field transport in the SOL is dominated by turbulence [3]. Consequently,
it has been suggested that turbulence spreading, i.e., the propagation of turbulence
from unstable to stable regions, may play an important role in setting the SOL
width [4, 5l 6] [7, 8, 9]. However, reported experimental data on turbulence spreading
in the SOL are scarce [10].

In the edge and SOL regions, propagating fluctuations are labelled ‘filaments’
or ‘blobs’. They are coherent structures generated by the nonlinear saturation of
turbulence, predominantly traveling outward with a well-defined probability distribution
function of the radial velocity [11l [12]. Stochastic models suggesting that the SOL
plasma is dominated by traveling filaments [I3| [14] have recently been confirmed
experimentally [15] 16, 17]. Gyrokinetic simulations indicate that the SOL plasma in
ITER might be dominated by blobs and/or streamers [18]. Filaments could be seen
as agents of turbulence spreading, carrying the fluctuations from their birth location
to other regions. The intermittent behavior of the ion saturation current in different
ranges, from the edge to the far SOL, is well characterized in literature [19] 20, 21]. The
reports are consistent with the propagation of blobs and holes, lower density fluctuations
traveling in the opposite direction to the blobs, and, possibly, with turbulence spreading
into the SOL [10].

Turbulent structures with a given size and cross-field velocity can be torn apart by
an external £ x B shear, or trapped by it, depend on its strength [22] 23]. Structures
born inside the last closed flux surface can be broken into smaller structures or ‘blobs’
in the SOL [24, 25]. Strong turbulence suppression in the edge can eventually lead to
establish of a transport barrier and the improvement of the overall plasma confinement
[26]. In tokamaks, the transition from low to high confinement (L-H transition) is
characterized by a strong shear layer in the edge; the same is observed in stellarators
[27]. Simulations show that filaments and blobs may be involved in the formation of
the shear layer [28], which is sometimes preceded by a low-frequency oscillation [29].
The flow shear in the edge can also be achieved or modified with an externally biased
electrode that enhances or modifies the radial electric field gradient. This technique
has been used to modulate the edge of the plasma both in tokamaks and stellarators
[30, B1), B2, B3], B4, B5]. In such experiments, the change in the radial electric field is
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accessed primarily, before any sharp increase in the pressure profile.

In this paper, we report measurements of the turbulence drive and turbulent
spreading in the SOL region of the TJ-II stellarator [36] for plasmas heated by ECRH
and NBI, using a recently introduced technique [37]. In addition, we show how these
quantities can be controlled by modulating the edge radial electric field during the NBI
phase.

2. Experimental setup

TJ-II is a Heliac with toroidal magnetic field By ~ 1 T, major radius Ry = 1.5 m and
minor radius a < 0.22 m. The TJ-II heating systems consist of two Electron Cyclotron
Resonance Heating (ECRH) sources delivering 300 kW each at a frequency of 53.2 GHz
(X mode) and two Neutral Beam Injectors (NBI) producing H co- and counter-beams
with up to 2 x 700 kW port-through power.

The experiments discussed here were performed using the standard magnetic
configuration of TJ-II, which has an edge rotational transform close to 1.6 (such that
the n/m = 8/5 rational surface is located at p ~ 0.8). The hydrogen plasmas were
heated initially by ECRH and subsequently sustained by NBI heating. The reported
results were obtained using NBI co-injection with Pygr >~ 500 kW. Discharges had a
line averaged density of about m, = 1 x 10 m™ and central electron temperatures in
the range of 300 < 7T,(0) < 400 eV. All experiments were carried out in a single day to
ensure optimal reproducibility.

A 2-D Langmuir probe array Fig. [1| was used to measure the floating potential (¢y)
and the ion saturation current (I5). 5 X 4 pins of the probe are arranged in a grid such
that 4 tips in a row are aligned poloidally with a mutual distance of 3 mm and 5 tips in
a column are aligned radially with a mutual distance of 5 mm. Signals were sampled at
a rate of 2 MHz. Turbulent particle transport is calculated as T, ~ (R 8,) o (I,Fy)/B,
neglecting electron temperature fluctuations, where the angular brackets indicate a
temporal average and Ep ~ —A¢ £/AB. Electrostatic fluctuations produce a fluctuating
radial velocity given by o, = Ej /B, where E, is the fluctuating poloidal electric field and
B the toroidal magnetic field. We define an effective mean radial velocity by normalizing
the turbulent £ x B particle transport to the local density: v = (I,Ey)/I,B. This
effective velocity is not affected by uncertainties in the probe area, thus providing a
convenient way to investigate the statistical properties of the radial propagation of
fluctuations in the SOL region. The phase velocity of the fluctuations (perpendicular to
both the magnetic field and the poloidal direction) was computed using the two-point
correlation technique [38] from two poloidally separated floating potential signals.

The probe was moved from the far SOL into the deep edge on a shot by shot
basis. Global parameters were kept approximately constant; an example is shown in
Fig. NBI injection provokes a notable change in the plasma parameters, increasing
the average central line density from 7, ~ 0.6 x 10* m~3 in the ECRH phase to around
0.9 x 10 m~2 in the NBI phase. Away from the short ECRH to NBI transition phase,
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Figure 1. Schematic diagram of the 2-D probe: top left, a cross section at ¢ = 38.2°
showing the plasma (black dotted line) and the vacuum vessel (blue line) as well as the
probe trajectory, inserted vertically from the top; bottom: 3-D graph showing the last
closed flux surface, colored in accordance with the magnetic field strength |B|, and the
insertion points of the 2-D probe (red) and the biasing probe (black), as well as the
vacuum chamber of one of the four sections of TJ-II. Top right: a photo of the 2-D
probe.

the plasma regime is roughly stationary. The edge radial electric field was modified
by means of a biasing electrode inserted into the edge of the plasma (insertion point:
p == 0.85 [39] (p = V/¥n, where ¥y is the normalized magnetic flux, ¥ = 1 /1rcrs, and
Yrcrs is the value of the flux at the Last Closed Flux Surface). The electrode is made
of mushroom-shaped graphite, 25 mm diameter and 12 mm height, inserted in a boron
nitride insulating body. At TJ-II, external biasing is capable of controlling the edge
plasma potential fully. The concomitant density rise has been attributed unequivocally
to an improvement in particle confinement [40]. The imposed field affects the strength
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of the edge E, x B shear layer, allowing us to study the impact of edge biasing on the
behavior of turbulence spreading and plasma profiles. The applied biasing was a 40 Hz
square signal with an amplitude of —350 V and a duty cycle of 50% .

3. Data analysis

To study turbulence drive and spreading, we make use of the technique introduced in
Ref. [37]. According to this work, one can obtain the time evolution of free turbulent
energy (n?) (where n = n — (n)) to good approximation from the radial part of the
continuity equation by neglecting cross-field coupling and damping as well as the effect
of background flows (i.e., (v,) = 0) and considering incompressible turbulence in the
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Figure 2. Plasma parameters during the transition from ECRH to NBI plasmas in

the TJ-II; a) heating power in arbitrary units and b) line averaged density. The grey
area indicates the time window where biasing was applied.



Measurement and control of turbulence spreading in the Scrape-Off Layer of TJ-II 6

plane perpendicular to the magnetic field. The angular brackets (...) indicate a running
average over a time interval much larger than the turbulence correlation time (see below).
With these approximations, the evolution of turbulent energy is given by:

Oty = (O ) — 5 i) 0
The first term RHS of Eq. [1]is related to the local drive of turbulence by the background
(gradient), while the second term is a nonlocal nonlinear term related to turbulence
spreading. Through normalization by the local turbulence amplitude, (%), one defines
the rate of turbulence drive:
2(22 (5,71
Wp = —7< 027}1% > (2)
and the rate of turbulence spreading:
2 (5,1?
ws = _aréﬁ2> ) (3)
Our probe setup allowed us to compute both quantities, assuming n oc I, and
Ey >~ —A¢s/d, where d is the poloidal distance between the two corresponding floating
potential probe pins. Therefore, neglecting electron temperature fluctuations, one
obtains wp ~ —2(0I,/0r)(Eyl,)/(Br(I?)) and wg = —9/0r(EeI?)/(Bp(I?)). In order
to measure these parameters, we use two rows of pins, such that each row has 1 pin
measuring the ion saturation current, placed between two pins each measuring the
floating potential. The angular brackets (...) here mean a running average over a time
interval of 1 (or 2) ms.

4. Experimental results

4.1. Transition from ECRH to NBI

During the transition from ECRH to NBI, the profile of the radial electric field changes
strongly. The switch to NBI leads to an increase of density, which causes a global sign
change of the plasma potential [41] and confinement changes from electron root to ion
root [42]. Namely, the Neoclassical radial electric field profile corresponds to different
solutions of the line average density [43], which has an impact on the edge E x B shear
flow layer.

Fig. [3| shows the evolution of the floating potential (¢y), ion saturation current
(1), radial turbulent particle flux (I';) and phase velocity of the fluctuations in the
poloidal direction (v9") during the transition from ECRH to NBI The shown results
were calculated as averages over 2 ms time windows. Turbulent fluctuations here and
in the following were band-pass filtered in the range (5 — 700) kHz. The transition from
the electron to the ion root is clearly seen in the ¢ signal: the floating potential is
initially nearly flat in the ECRH phase, but becomes rather steep during NBI, with a
high gradient close to the edge. This change is accompanied by the establishment of
a poloidal velocity shear layer, clearly seen in Fig. [3| d) near r — rg ~ —15 mm. As
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Figure 3. Plasma parameters during the transition from ECRH to NBI; a) the radial
profile of floating potential, b) ion saturation current, c) turbulent particle flux and
d) turbulence phase velocity in the TJ-II plasma boundary region. The vertical axis
shows the radial position (r) relative to the the location of the Last Closed Flux Surface
(LCFS, rg). Negative values of r — ¢ correspond to the plasma edge, positive values
to the SOL. The horizontal black lines indicate the locations of probe pins.

consequence, the turbulent particle flux is greatly modified Fig. |3|c) and drops sharply
in the NBI phase where the shear layer is presented. The ion saturation current, related
to the electron density and temperature via I, o< n,T, /2, is also strongly affected during
NBI, exhibiting a slight decrease in the edge and a strong reduction in the SOL.

To summarize these results and facilitate their understanding, Fig. [4] displays time
averages of these and a few other quantities. The curves labelled ECRH were calculated
over 1100 < ¢t < 1140 ms, while those labelled NBI were calculated over 1180 < ¢ < 1220
ms. As noted, the edge profiles of ¢; and I, are less pronounced in ECRH than in NBI,
and the base level of I is higher in the SOL Fig. EI b), i.e., it has a longer ‘tail’ that
extends to the far SOL. Similarly, I',. is flatter and much higher during ECRH in the
SOL. As noted before, during NBI a shear layer develops near the edge at r —ry ~ —15
mm, clearly visible in the graph of vgh Fig. 4| f). The maximum shear in the poloidal
phase velocity (dvg/dr) during NBI is 4 - 10° s7!, while during ECRH it is 0.3 - 10° s!
at the same position. The evolution of the phase velocity (v5") can be explained in



Measurement and control of turbulence spreading in the Scrape-Off Layer of TJ-II 8

Edge SOL Edge SOL
b7 V] | gt D)

A 10"

A || —y—ECRH
-50 | ‘

4
——— e ———
=
.

Trurb [/.lS]

.
S .
*e

Maddy
-40 -20 0 20 40

r —ro [mm] r —ro [mm]

10

Figure 4. Radial profiles of (a) floating potential, (b) ion saturation current, (c)
turbulent transport, (d) radial effective velocity, (e) turbulence correlation time and
(f) phase velocity of the fluctuations during plasma heated by ECRH and NBI.

terms of E x B drift [44], in agreement with previous results [45, [46]. This remarkable
difference has a strong impact on the radial turbulent particle flux shown in Fig. 4] c).
The strong shear is likely related to the reduction of the turbulence correlation time
(Teurb - from the auto-correlation of the floating potential) in the edge Fig. 4| e) and the
reduction of the effective radial turbulent velocity (v7) in the edge and SOL Fig. |4 d).
In conclusion, the spontaneous establishment of the edge poloidal velocity shear layer
affects all indicators of turbulent transport and has a significant impact not only at
the location of the shear layer itself (in the edge, close to the LCFS), but also further
outward (the SOL).
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Figure 5. The effect of the transition from ECRH to NBI plasma heating on the local
turbulence drive a) and c) (wp) and the turbulence spreading b) and d) (wg). The
horizontal black lines indicate the locations of probe pins.

To shed more light on the radial propagation of these effects, we computed the
turbulence drive (wp) and spreading (wg) (Fig. |5). These parameters were evaluated
by calculating the moving average and RMS values of the ion saturation current and
floating potential from the two innermost rows of probe pins.

The figure suggests that the high base line of the turbulent particle flux in the
SOL in the ECRH phase is related to both the turbulence drive and spreading, as both
parameters have comparable values in this range. The local linear growth term is high
in the edge and lower in the SOL, consistent with the variation of the density gradient
(high in the edge and low in the SOL) during ECRH. In the NBI phase, wp drops more
strongly in the edge region (particularly at the location of the poloidal velocity shear
layer) than in the SOL. On the other hand, the turbulence spreading rate (wg) is higher
in the SOL than in the edge (especially in the ECRH heating phase), while its value is
comparable to the local linear growth rate (wp) in this range in both heating regimes.
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4.2. NBI + biasing

The influence of edge biasing on various plasma profiles is shown in Fig. [, Twelve
reproducible shots were used to measure the profiles of floating potential (¢y), ion
saturation current (), radial turbulent particle flux (T',.), effective radial velocity (ve),
turbulence correlation time (7.,,5) and phase velocity of the fluctuations in the poloidal
direction (Ugh) during dynamical edge biasing in the NBI phase.
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Figure 6. a) Biasing voltage and its effect on b) the radial profile of floating potential,
¢) ion saturation current, d) turbulent particle flux and e) turbulence phase velocity
in the TJ-II plasma boundary region. The vertical axis shows the radial position (r)
relative to the the location of the Last Closed Flux Surface (LCFS, rg). Negative values
of r — ry correspond to the plasma edge, positive values to the SOL. The horizontal

black lines indicate the locations of probe pins.

Fig. [f] shows the modulation of b) the floating potential, ¢) the ion saturation
current and d) the turbulent particle flux (I',) in time. The analyses were performed in
time sections with a length of 1 ms. The fast rise and fall of the biasing voltage (Fig. @a)
provokes a fast readjustment of the profiles, which are affected most inside the LCF'S.

These results are again summarized in Fig. [7, which shows averages over the biasing
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on/off phases. During the negative biasing phases (-350 V), the floating potential
profiles (Fig. [Th) and edge ion saturation current (Fig. [7b) steepen in the plasma edge
region while the turbulent particle flux (Fig. mc) and effective radial turbulence velocity
(Fig. [7d) are reduced in both edge and SOL (r — ry > —30 mm), concomitant with a
reduction in the magnitude of the ion saturation current in the SOL.

The phase velocity of the fluctuations v2" is shown in (Fig. Elf) During the negative
biasing phase, the plasma edge potential becomes more negative, the radial gradient in
floating potential profiles reaches values up to -7.9 kV/m (vy = E,/B ~ —A¢;/ArB,
where B =~ 1 T) and the perpendicular velocity increases up to -9 km/s, showing that the
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Figure 7. Radial profiles of (a) floating potential, (b) ion saturation current, (c)
turbulent transport, (d) radial effective velocity, (e) turbulence correlation time and
(f) phase velocity of the fluctuations during biasing 0 V and -350 V.
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Figure 8. The impact of edge biasing on the local turbulence drive a) and ¢) (wp)
and the turbulence spreading b) and d) (wg). The horizontal black lines indicate the
locations of probe pins.

measured phase velocity is mainly due to the imposed E, x B drift [47]. The maximum
shear in the perpendicular velocity (dvy/dr) is of the order of 5-10° s71, i.e., close to the
inverse of the turbulence decorrelation time (Fig. [7k) [48]. The maximum shear occurs
near r — rop ~ —10 mm. This result is in agreement with, e.g., conclusions reported at
the LAPD device [49], where limiter biasing was shown to control the turbulent particle
flux, dropping to values near zero when the shearing rates became comparable to the
inverse of correlation time at zero shearing.

In view of the previous results, we conclude that the enhancement of the velocity
shear at -350 V biasing (Fig. [7f) leads to the reduction of the base level of the ion
saturation current in the SOL (Fig. [7p), the amplitude of turbulent transport (Fig. [7c)
and the effective radial velocity of fluctuations in the SOL region (Fig. md) Thus, the
increase in E,. X B shear in the vicinity of the LCFS has a strong impact on SOL density
(Is), and turbulent transport profiles.

The impact of edge biasing on the local turbulence drive (wp) and turbulence
spreading (wg) is shown in Fig. At 0 V biasing, the local growth rate term (wp)
is high in the edge and low in the SOL, roughly consistent with the variation of the
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density gradient (high in the edge and low in the SOL, Fig. [7h). At -350 V biasing, wp
is strongly suppressed at the shear layer position, cf. Fig. ), consistent with the idea
of turbulence suppression by the E x B sheared flow. On the other hand, the rate of
turbulence spreading (wg) is much higher in the SOL than in the edge at 0 V biasing,
where its amplitude is comparable to the local growth rate, while it is reduced at -350
V biasing, more strongly in the SOL region Figs. [7b) and d).

It seems that the velocity shear layer that forms in the edge region at negative
biasing (Fig. E]f) constitutes a transport barrier that partially decouples the edge and
SOL regions [50, [51], both by suppressing edge turbulence (local turbulence drive - wp)
and by reducing outward turbulent transport (spreading - wg) [21]. A similar effect,
though less intense, is observed during the transition from ECRH to NBI Fig. |4 and
Fig. bl One would expect such a decoupling to lead to a reduction of the SOL width
(the SOL density scale length), assuming parallel transport remains constant. Indeed,
this seems to be consistent with the I, curves shown in Fig. [Tp).

5. Conclusions

In this paper, we report experimental measurements of the turbulence drive and
turbulent spreading in the SOL region of the TJ-II stellarator. The experimental data
are consistent with the results obtained from a three dimensional gyro fluid turbulence
model [37], in which spreading is also shown to be mainly active in the SOL region. This
effect was demonstrated for plasma heated by both ECRH and NBI. For the latter, the
effect is less pronounced due to a strong shear close to the LCFS, which reduces the
local turbulence and the spreading in the SOL. Besides, we show, for the first time,
how the turbulence drive and spreading terms can be modulated via edge biasing and
the generation of a velocity shear layer in the edge, with possible consequences for
the SOL width. When the E, x B shear reaches values close to the inverse of the
turbulence correlation time in the vicinity of the LCFS, edge-SOL coupling is reduced
significantly [52] as well as turbulence spreading. The observed relation between the edge
shear layer and turbulence in the SOL is relevant both for tokamaks and stellarators
when edge shear flows are established near the LCFS.

Consequently, we find that the edge radial electric field shear is an important tool
for suppressing turbulence, decoupling the edge and SOL regions and reducing non-
local effects (spreading). As turbulent drive and spreading are likely important factors
in setting the SOL width, together with parallel dynamics, we believe the approach
reported here provides a route to a better understanding of power exhaust in fusion
plasmas.
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