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Abstract

®

CrossMark

The cross phase between radial velocity perturbation v, and poloidal velocity perturbation vy
plays an important role in the radial distribution of Reynolds stress. Recently, a novel theory
of cross-phase dynamics predicts that, depending on the strength of the E x B shearing, the
cross phase can stay in two different states: phase locked state(weak shear regime) and phase
slipping state(strong shear regime). For the first time we divided Reynolds stress into three
parts, turbulence fluctuation, cross phase and coherence between v, and vy, and studied their

relative influences on Reynolds stress in different regimes. The profile of Reynolds stress
and its three parts are measured separately by using multi-tipped Langmuir probe array. We
observe that the three parts contribute to the radial distribution of Reynolds stress differently.
In strong shear layer, the cross phase is randomly scattered across the layer—a signature

of incoherent phase slips. Correspondingly, the radial distribution of the Reynolds stress is
determined by the cross phase dynamics. In the weak shear region, the cross phase tends

to stay in a coherent state (i.e. the phase locked state), where the turbulence fluctuation and
coherence play a more important role. Besides, a direct relation between the coherence and
the cross phase scattering is observed. Once the scattering of the cross phase increases, the

coherence decreases.

Keywords: Reynolds stress, cross phase, coherence, turbulence fluctuation, HL-2A,

phase scattering

(Some figures may appear in colour only in the online journal)

1. Introduction

One of the major challenges for the research towards a fusion
power plant is the understanding and control of plasma turbu-
lence that leads to anomalous transport of particles and energy.
Vigorous experimental and theoretical efforts worldwide have
led to a compelling model of E x B shear suppressing turbu-
lence and reducing transport [1-7]. Increasingly, the effect of

* Author to whom any correspondence should be addressed.

1741-4326/18/026015+7$33.00

sheared poloidal flows at the plasma boundary has been identi-
fied as a crucial element in edge turbulence dynamics. The shear
flow driven by the radial electric field suppresses turbulence
transport in two ways: one is to decrease the amplitude of tur-
bulent fluctuations [8, 9], which has been studied widely; the
other way is to change the phase relation between temperature
or density fluctuation and its radial velocity fluctuation [10-12].
While the physical mechanism of the interaction between shear
flow and turbulence cross phase is still under study. The turbu-
lent flux of momentum—or Reynolds stress—is a mechanism

© 2017 IAEA, Vienna Printed in the UK
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responsible for the generation of sheared flow by turbulence
[13-19]. Diamond and Kim proposed a theory to explain the
flow generation in turbulent plasmas by small-scale turbulence
fluctuations via the Reynolds stress [13]. Poloidal flow could be
accelerated if the turbulent Reynolds stress is nonzero and has a
radial gradient. Thus, measurement of the Reynolds stress espe-
cially its profile is helpful to predict shear flow in plasmas. Since
shear flow is the key element for the suppression of turbulence
and improvement of plasma confinement, study of Reynolds
stress is significant for understanding the improved confinement
scenarios such as H-mode confinement regimes.

As Reynolds stress is proportional to fluctuation intensity, it
is easy to understand the dependence of Reynolds stress on the
variation of fluctuation intensity, i.e. [V;| and [Vg|. Reynolds stress
should also depend on the cross phase and coherence between v;
and vy [10]. Terry et al studied the general properties of cross-
phase suppression in the strong shear regime by using the generic
non-mode-specific model of Biglari, Diamond, and Terry (BDT)
[12]. This research suggests that the cross phase in the trans-
port flux is strongly reduced in the strong shear regime (shearing
rate > eddy turnover rate), leading to significant transport sup-
pression. Experiments on TEXTOR tokamak measured the tur-
bulent temperature fluctuation and reveal that turbulent heat flux
depends on the fluctuation intensity, coherence and cross phase
[10]. By using bias electrode they studied the shear influence on
heat flux and its components, but they analyzed the coherence
and the cross phase as a unity. So far, there is no detailed exper-
imental report on the coherence, cross phase and their relations
with shear intensity. Recently, Z.B. Guo and P.H. Diamond pro-
posed a ‘phase locking & phase slip’ model [20] to explain the
mechanism for the transition from ELMy H mode to Quiescent
(Q) H mode. They studied the transition by calculating the cross
phase dynamics of the Peeling-ballooning (PB) driven heat flux
in the presence of an E X B shear flow. This methodology is
in distinct contrast to the conventionally employed eigenmode
and quasilinear analysis, which implicitly take the cross phase as
fixed. And they predict the underlying relation between E x B
shearing rate, coherence and cross phase dynamics.

In this paper, Reynolds stress is divided into three parts
(turbulence fluctuation, cross phase and coherence) and their
relative influences to Reynolds stress in different regimes
are studied experimentally in detail. And for the first time
we observed the ‘phase locking & phase slip’ phenomenon
in a tokamak plasma. In this work, both radial and poloidal
velocity perturbations and radial electric field are measured
on HL-2A tokamak near the last closed flux surface (LCFS)
by using multi-tipped Langmuir probes. The profiles of turbu-
lence fluctuation, cross phase and the coherence between v,
and vy are presented and their contributions to Reynolds stress
in both strong shear and weak shear regions are discussed.

This paper is organized as follows. In section 2, it will
present the mathematical definition of turbulence fluctuation,
cross phase and coherence. In addition, diagnostic tools used
for this work is also presented. In section 3, it will present
the experimental results and comparisons of turbulence fluc-
tuation, cross phase and coherence contributions to Reynolds
stress profile in both strong shear layer and weak shear region.
A summary of this work is given in section 4.

2. Experimental setup

By Fourier transforming v; and vy, we get

(1) =Re (Z v (w) - e“”)

(1a)

(1b)

T4(f) = Re (Z vo(w) - ew>

Ensemble-averaged Reynolds stress could be written as

(Vvg) = <Rez Piz, (w)> 2)

where ()’ denotes the ensemble average, Py, (w) means the
cross power of V; and vy which could be divided into three
parts: turbulence fluctuation, cosine of cross phase average
and coherence.

"\)Ir"\;Q = 03,07, - COS <50> : <7> . (3)
In this equation, oy, and oy, are standard deviation of v, and vy
in each window. What we need to pay attention to is that ()
and () are the averaged cross phase and coherence between
v: and vy in frequency domain. Their ensemble-averaged
value could be computed by equations (4) and (5) where angle

means the arctangent of the imaginary and real part of the sum
of Pyy, (w).

(p) = angle (Z (Py3, (w))> @

w
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HL-2A is a divertor tokamak and its major and minor radii
are R = 1.65m,a = 0.4 m, and the line averaged density can be
operated at 6 x 10'” m~3. Heating power are 3 MW of neutral
beam injection, 2 MW of LHCD, and 5 MW of electron cyclo-
tron resonance heating. Fueling systems are multiple pellet
injection and supersonic molecular beams injections [21-24].
In the experiment, the plasma current is opposite to the direc-
tion of the toroidal magnetic field. Figure 1(a) is the cross sec-
tion of the HL-2A tokamak. A fast reciprocating probe system
is installed on the outer middle plane of the HL-2A and it can
move inwards and outwards at a speed of 1 m s~!. This system
could measure as long as 5 centimeters inside the LCFS as
shown by the red box in figure 1(a). With this system, we
could get the spatial distribution of the edge plasma parameters
along the radial direction during a discharge with sampling
rate of 1 MS s~!. The measurements were conducted by using
a multi-tipped probe array composed of 3 x 4 probe tips [6, 9]
(3 tips in the poloidal direction and 4 tips in the radial direc-
tion) facing the plasma current I,. With a proper setup, this
probe array can simultaneously measure plasma density ne,
potential V,,, temperature T, [25, 26], Reynolds stress Rs, and
particle flux I". The distance between two adjacent probe tips
is Smm in the poloidal direction and 2.5mm in the radial
direction, which makes the 3 x 4 probe array smaller than a

)
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Figure 1. (a) cross section of HL-2A tokamak (b) four-stage
langmuir probe array.

typical turbulent eddy in both poloidal and radial directions
(the typical turbulence correlation length is larger than 3cm
in the poloidal direction and ~1.0-1.5cm in the radial direc-
tion in HL-2A tokamak edge plasma). The deepest stage (#4)
is a set of triple probe to measure T, = (V;, — Vi11)/In2
and Ne = 110’12/(0.61 4 'Aeff . \/kTe/mi) where 110,12 =
(Vio — Vfg) /Ry is the ion saturation current and Ag = 8 mm?
is the effective collecting area of each tip; m; is the mass of
ion; Ry = 50 is the sample resistance. Radial and poloidal
velocity fluctuation is estimated by v, = (Vg7 — Vr9)/2dpBi,
and vy = (Vs — V11)/2d:B, where ‘~ represents the fluc-
tuation with its frequency ranges from 20kHz to 80kHz
(hereafter neglected, unless otherwise noted). By ~ 1.35T is
the amplitude of the toroidal magnetic field. In this study,
plasma potential can be expressed as v, = V¢ + T, in which
o = 2.5. We estimated the influence of temperature fluctua-
tion on the measurement of plasma potential and find that in
L mode discharge on HL-2A, the V¢ fluctuation level is about
4 times that of oﬁ‘e. We assume that the influence of electron
temperature fluctuation has little contribution to the measure-
ment of plasma potential [29].

3. Experimental results

3.1. Equilibrium profiles

This experiment is operated in L-mode discharge with a plasma
current /, ~ 150 kA, a toroidal magnetic field B; ~ 1.35 T, a line
averaged density 7, ~ 0.3 x 10" m~3 and these parameters
remain constant during the process of the probe moving into
plasma as marked by the yellow box in figure 2. This shooting

probe shoot duration
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Figure 2. Time evolution of different parameters on HL-2A under
L-mode discharge with limiter configuration (a) plasma current I,
(b) toroidal magnetic field B, (c) line average plasma density . (d)
ECRH heating power. Langmuir probe shoots into plasma at 0.45s
and stops at 0.53 s with constant speed of 1 m s~! as marked by the
yellow box.

process has a constant velocity of 1 m s~' which can be used
to infer the depth that probe shoots into LCFS. In this process
700 kW ECRH heating power is applied to the plasma.

In this shot, the position of LCFS is determined by the point
where poloidal velocity changes its direction from the ion dia-
magnetic drift to electron diamagnetic drift. Figure 3 shows the
equilibrium profiles of the electron density 7., electron temper-

ature T, and poloidal velocity vy. The profile of vy is obtained
from the equation EI%X_B[ and we checked this by TDE (time
delay estimation) method [27, 28]. As is shown in figure 3(c),
there is little difference in the measurement of vy by two dif-
ferent methods.vy increases quickly from r—r; cps = 0.6cm to
r—rrcrs = —1.2cm and changes its direction at the position of
LCFS. The radial electric field shear (or flow shear) peaks in
this region. Figure 4 shows the V¢ 1; fluctuation power spectrum
and our turbulence analysis is based on the frequency ranging

from 20 to 80kHz.

3.2. Experimental measurements of Reynolds stress and its
components (turbulence fluctuation, cross phase, coherence)

From equation (3) we know that Reynolds stress could
be divided into three parts, thus it means that the profile of
Reynolds stress is determined by three factors: the turbulence
fluctuation o3,0%,, the cosine of cross phase average cos (),
and the coherence (7y) between v, and V. In order to compare
their influences on Reynolds stress separately, experimental
measurements of these three physical parameters are plotted in
figure 5. The blue curve and red curve in figure 5(a) are spatial
evolution of Reynolds stress (V,vg) and oy,05, - cos (@) - ()
respectively. They are equal in the whole profile which means



Nucl. Fusion 58 (2018) 026015

D. Guo et al

100

Te(eV)

60 F

70'1....1....1....|....

(b)

0.6 F

ne(10'8 /m3)

vg (km/s)

r —rrcrs(cm)

Figure 3. Profiles of (a) electron temperature 7, (b) density n. and
(c) poloidal velocity estimated by TDE method (blue) and %
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Figure 4. Floating potential power spectrum in strong shear layer
(blue) and weak shear region (red).

that it is reasonable to divide Reynolds stress into the three
parts. Turbulence fluctuation increases quickly first then satur-
ates and changes slowly, while the profile of Reynolds stress
does not change much from 2 cm outside LCFS to 0.5 cm
inside LCFS. From r—ricps = —0.5cm to r—ricps = —2cm,
Reynolds stress changes its sign from negative to positive and
increases quickly. Turbulence fluctuation first decreases and
then increases in this region. This reveals that turbulence fluc-
tuation is not the only reason to determine the radial distribu-
tion of Reynolds stress. Comparison between the profile of
Reynolds stress and cos (@) shows good consistency in the
shear layer from 0.6 cm outside LCFS to 1.2cm inside LCFS
as marked by the brown shadow. The two curves increase and
decrease at the same time and they change their signs at the
same position. While o3, 0, and () are fixed to a certain value

wealk shear strong shear
ERE D (e e e e e e e e e e
(0;T0)
—(0,05,)cos(6) ()

| ALY RALES

-2 -1 0 1 2
r —rrors(cm)

Figure 5. Spatial evolution of (a) Reynolds stress computed

by (V;vg) and (o3,07,) - cos (¢) - (7); (b) turbulence fluctuation
(03,03, ). Here we use the standard deviation of each window

to stand for the turbulent fluctuation amplitude. (')’ means the
window average results over 1024 points. (c) Cross phase average.
(d) Cosine of cross phase average (e) coherence between v, and vy.

and change not much in the shear layer. In the weak shear
region from r—r cps = —1.2cm to r—rpcps = —2cm marked
by blue shadow, this relation changes. () gets to be zero
and cos () saturates to 1. On the contrary, (o3,03,) and (%)
increases quickly in this region. This suggests that turbulence
fluctuation, cross phase and coherence impact the radial dis-
tribution of Reynolds stress differently in different regimes.

3.3. The influence of E x B shear on the cross phase
scattering in both strong and weak shear region

‘Phase locking & phase slip’ model predicts that, depending
on the strength of the E x B shear, the cross phase can stay
in two different states. The impact of E X B shear on the
cross phase scattering and the coherence between v, and vy
is shown in figure 6. Figure 6(c) is the cross power profile
between V; and vy and its distribution on phase difference. In
the shear layer —1.2cm < r—ricps < 0.6cm, the cross phase
average changes quickly from ~7 to ~0, and the cross phase
scattering is larger than in other regions. The value of coher-
ence between v, and Vg is small and changes not much in this
region. In the weak shear region where E, shear is small, the
cross phase is much more concentrated than in the shear layer.
At the same time the coherence peaks in this region which
means that the cross phase between v, and vy is more fixed
with a quite low scattering level. This experimental observa-
tion consists with the theory prediction. In weak shear regime,
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Figure 7. Scatter plots of v, and vy at 3 different positions
(a) r-rices = —1.2cm (b) r—ricrs = —0.9cm (¢) r—ricrs = —0.5cm.
Each position contains 1 ms data (1000 points) as sample.

as turbulence fluctuation is large and cross phase between v,
and vy is fixed with little variation, the profile of Reynolds
stress is dominantly determined by the turbulence fluctuation.
This corresponds to the ‘phase locking’ state. In strong shear
regime, the cross phase scattering is in direct proportion to the

Figure 8. () radial distribution of normalized Rs/ (03,07, ), the
left side of the dashed line is the weak shear region and the right
side is the shear layer. We observe that Rs/ (03,07, ) is greater
than ~0.14 in weak shear region and smaller than ~0.14 in shear
layer. (b) Relation between cos () and Rs/ (07,07, ). In the shear
layer, cos () plays a dominant role in determining the variation
of normalized Reynolds stress. And in the weak shear region, ()
becomes more important.

shear strength. And the cross phase scattering would in turn
impact the coherence between v; and vy. Once the scattering
of cross phase increases, the coherence decreases. Therefore,
the coherence could work as an index of the scattering level
of cross phase. Once the coherence increases, the scattering
level of cross phase decreases. As turbulence fluctuation is
relatively small in strong shear regime, the radial distribution
of Reynolds stress is mainly determined by the cross phase.
This is corresponding to the ‘phase slip’ state.

3.4. Phase modulation on the radial distribution of Reynolds
stress in shear layer

The change of turbulent Reynolds stress can also be seen
in figure 7 that shows the joint probability density func-
tions (PDFs) of radial and poloidal velocity fluctuations. As
Reynolds stress increases from negative to positive in the shear
layer, the tilting angle of the joint PDF also changes. Each
scatter plot in figure 7 contains 1 ms period of data with 1 MHz
sample rate. At position r—r cps = — 1.2 cm the scatter points
mainly fall into the first and third quadrants which means v,
and vy have the same sign and accordingly RS > 0. It is just
the opposite in figure 7(c) at position r—rycps = —0.5cm, the
scatter points mostly fall into the second and fourth quadrants
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and Rs < 0; at position r—r; cps = —0.9 cm, the scatter points
fall into the four quadrants in average which indicates that the
cross phase average is 7/2 or 37/2 thereby and Rs = 0.

In order to give a clear comparison between the three comp-
onents’ contributions to Reynolds stress, radial distribution of
normalized Rs/ (ov,0%, ) is presented in figure 8(a). As {(ov.0%,)
is positive in both shear layer and weak shear region, Reynolds
stress is positive in weak shear region and negative in shear layer
(—1.2cm < r—r cps < —0.5cmis the transitional region between
the two regions), Rs/ (03,07, ) is positive in the weak shear region
(greater than 0.14) and negative in shear layer(smaller than 0.14).
The deeper inside the weak shear region, the turbulence fluctua-
tion can contribute more to the value of Reynolds stress. It is dif-
ferent in shear layer that when —0.5cm < r—r; cps < 0.6cm, the
coefficient between Reynolds stress and turbulence fluctuation is
stable. This coefficient is about —0.1. In the transitional region
where the coefficient changes from negative to positive, the influ-
ence of turbulence fluctuation on Reynolds stress becomes less
important because the coefficient is around zero. Blue curve in
figure 8(b) shows the relation between cos ¢ and Rs/ (03,07, ).
This curve linear growth in shear layer and saturates in the weak
shear region. While (), the red curve in figure 8(b), shows the
opposite influence on Rs/ (03,07, ). It does not change much in
the shear layer while increases quickly in the weak shear region.
According to the analysis above, we have a clear comparison
between the impacts of the turbulence fluctuation, cross phase
and the coherence between v; and Vg on the radial distribution
of Reynolds stress. The cross phase plays a dominant role in
determining the variation of Reynolds stress in the shear layer
while the turbulence fluctuation and coherence become more
important to determine the radial distribution of Reynolds stress
in the weak shear region.

4. Summary

The edge turbulent Reynolds stress and shear flows have
been investigated on HL-2A tokamak L-mode discharge by
using a multi-tipped Langmuir probe array. Reynolds stress
is divided into three parts and their contributions to Reynolds
stress were experimentally evaluated. Radial distribution of
Reynolds stress is consistent with the product of turbulence
fluctuation, cosine of cross phase average and coherence
between v, and vy. Experimental observation shows that the
turbulence fluctuation, cross phase and coherence between
v: and vy have different contributions to the radial distri-
bution of Reynolds stress. In strong shear layer, the cross
phase is randomly scattered across the layer—a signature
of incoherent phase slips. Correspondingly, the radial dis-
tribution of the Reynolds stress is determined by the cross
phase dynamics. In the weak shear region, the cross phase
tends to stay in a coherent state, where the turbulence fluc-
tuation and coherence play a more important role. This is
for the first time we observe ‘phase locking & phase slip’
theory in experiment. Besides, a direct relation between the
coherence and the cross phase scattering is observed, once
the scattering of the cross phase increases, the coherence
decreases.
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