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Abstract. The radial profiles of electrostatic and magnetic Reynolds stress (Maxwell stress) have been measured 
in the plasma boundary region of HT-7 tokamak. Experimental results show that the radial gradient of 
electrostatic Reynolds stress (ERS) changes sign across the last closed flux surface, and the neoclassical flow 
damping and the damping due to charge exchange processes are balanced by the radial gradient of ERS, which 
sustains the equilibrium sheared flow structure in a steady state. The contribution of magnetic Reynolds stress 
was found unimportant in a low β plasma. Detailed analyses indicate that the propagation properties of 
turbulence in radial and poloidal directions and the profiles of potential fluctuation level are responsible for the 
radial structure of ERS. 
 
1. Introduction 
 
Sheared flows have been found to play a central role in explaining the transition to a variety 
of enhanced confinement regimes in magnetically confined fusion plasmas [1]. Finding the 
generation mechanism of sheared flows is crucial to understanding of the confinement 
transition and helpful for developing techniques to suppress turbulence and reduce transport. 
Recent progress in understanding the formation of the transport barrier in fusion plasmas 
reemphasized the importance of turbulence-driven flows via Reynolds stress (RS) [2]. In 
neutral fluids the RS not only leads to turbulence viscosities, but also generates a number of 
geophysical flows such as the quasi-biennial oscillation [3,4]. The importance of the RS as a 
flow generation mechanism in neutral fluids suggests that it should not be ignored in plasma 
turbulence. Since sheared flows suppress turbulence through the shear decorrelation 
mechanism [5], a feedback loop between turbulence and sheared flows will be closed, if flows 
could be driven by fluctuations. This feedback loop allows turbulence exist to in a self-
regulated state, which might be able to self-consistently explain the spontaneous confinement 
mode transition when auxiliary heating power exceeds a certain threshold [6]. Both the 
nonlinear gyrokinetic simulations of plasma turbulence in the confinement region [7] and the 
nonlinear gyrofluid simulations of boundary turbulence [8] give prominence to the 
mechanism of flows generated by turbulence through the action of RS. In these simulations, 
the pressure gradient profile is input parameter and a static velocity shear always 
accompanies a steep pressure profile. What is interesting is on that the ion orbit loss 
mechanism for flow generation, which is caused by interaction with the materiel [9], is not 
included in above simulations. As a result, nonlinear turbulence simulations support the 
understanding that in steady state turbulence dominates the flow driven process. The 
measurement of RS in fusion plasmas is difficult but is crucial to a detailed understanding of 
transport barrier physics. So there is considerable interest in the quantitative investigation of 
the contribution of RS in the process of sheared flows generation, and, possible more 
important, to understand the radial structure of the turbulence RS. Up to now, the 
measurements of RS are not sufficient,[1] and no experimental result regarding the whole 
poloidal momentum balance with the complete RS expression has been reported so far. 
Experiments addressing this problem to date have only presented the estimation of the 
electrostatic Reynolds stress (ERS).[10,11] The role of magnetic Reynolds stress (MRS) in 
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the poloidal flows driven has never been demonstrated in experiments and still need to be 
examined. This experiment presents the first measurement of the whole poloidal momentum 
balance with the complete RS expression. It is found that the flow shear generated by ERS 
can quantitatively account for the sheared velocity pattern observed at the plasma edge. And 
in this paper the first explanation of the radial structure of ERS is presented. 
 
2. Poloidal Momentum Balance 
 
To understand the behavior of poloidal flows, flow damping needs to be considered. The 
poloidal flow damping, called the neoclassical viscosity or magnetic pumping, arises from 
ion-ion collisions and the asymmetry of poloidal variation in a torus [12]. In this experiment, 
the profile of flow damping was calculated using measured profiles. We observed a poloidal 
velocity shear at the plasma edge, which results in the edge pedestal, could be explained by 
the ERS. The neoclassical damping of poloidal flow and the damping due to charge exchange 
processes are balanced by an accretion due to the radial gradient of ERS, which sustains the 
equilibrium sheared flow structure in a steady state. Almost all quantities in the poloidal flow 
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experiment, where  is the poloidal flow velocity in the laboratory frame, θV rV~  and Vθ
~  are 

the radial and poloidal velocity fluctuations of turbulence, θVVr
~~  is the ERS tenser, the 

brackets L  denote an ensemble average, rB~  and θB~  are the radial and poloidal 

magnetic fluctuations dominated by small scale magnetic turbulence, θBBr
~~  is the MRS 

tenser, and µ  is the damping rate of the poloidal flows. Elaborate measurements of the 
whole poloidal momentum balance with the complete RS expression were carried out in the 
boundary plasmas of HT-7 tokamak using a triple-tip-array Langmuir probe and an insert-
able magnetic probe. 
 
3. Experiment Setup 
 
HT-7 is a superconducting tokamak [14] with two circular poloidal limiters separated in the 
toroidal direction by 180° and a high-field-side belt limiter. This experiment was conducted in 
ohmically heated deuterium plasmas with R0 = 122 cm, a = 27 cm, Bφ ≅ 1.98 T, Ip ≅ 120 kA, 

en ≅ 1.5×1019 m−3, Te0 ≅ 0.7 keV, Zeff ≅ 1.9 and loop voltage Vl ~ 1.3 V. The discharge 
duration was typically 1 s. The edge safety factor was qa ~ 4.9 and there was very weak 
sawtooth and Mirrov activity. The poloidal β is not high (βp ~ 0.4) as measured by magnetic 
diagnostics. A naturally occurring velocity shear layer exists at the plasma edge, which results 
in a steeper pressure profile; however, the confinement is still low and falls to ALCATOR 
scaling. 
 
An insert-able magnetic probe with two perpendicular coils was mounted on the top of the 
tokamak along the central line. The two coils were used to achieve local measurements of rB~  
and θB~ . Graphite shields allowed reliable measurement 3 cm inside the last closed flux 

surface (LCFS). The ERS θVVr
~~  was measured with a triple-tip-array Langmuir probe with 

two tips poloidally separated by δθ = 3 mm and sticking out δr = 5 mm from another tip. Each 
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tip was 2 mm long and 0.5 mm in diameter and was used to measure floating potential (φf1, 
φ , φ ). Then the poloidal and radial electric field fluctuations can be calculated as f2 f3

( ) θθ δφφ 21
~~~

ffE −= and ( ) rfrE δφφ 312
~~~ −= , neglecting the contribution from electron 

temperature [11,15,16]. Note that ( ) 2~~~
2112 ff φφφ += . Thus, the radial and poloidal E×B 

velocity fluctuations are calculated as φθ BErV ~~ = and φθ BEV r
~~ = . The probe was also 

mounted on the top of the tokamak along the central line and operated with shot-to-shot 
scanning. Both the probe tips and the shield tube were made of graphite. The data were 
sampled at 1 MHz with 12-bit resolution using a multi-channel digitizer. 

rB~

100

f

B
θ_

flu
/B

0

f  ( kHz )

 -2

 -2

 
4. Magnetic Fluctuations 
 
Magnetic fluctuations were calculated from the integral of magnetic coil signals with mean 
value removed. As shown in Fig1(a) and (b), the auto power spectra of radial and poloidal 
relative magnetic fluctuations exhibit the typical broad band (1 ~ 200 kHz) feature. They peak 
at around 50 kHz and decay in both low-frequency and high-frequency regions. The decay 
index in the high-frequency region is about –2, which is close to that of electrostatic 
fluctuations. The spectra shape at plasma edge is similar to that in the scrape off layer (SOL). 
Mirrov activity is weak as shown in Fig1, especially in the SOL. As a result of low β, the 
fluctuation level is low, but increase monotonically inward (Fig1(c)). The electron thermal 
conductivity caused by magnetic fluctuations was calculated with the often-used quasilinear 
estimate [17] rTee bVqR ~

0=χ , where q is the safety factor, VTe is the electron thermal velocity 

and φBBb rr
~~

= is the relative amplitude of . The calculated χe < 0.5 m2s−1 in the 
measured region is much smaller than that estimated from power balance analysis at the 
plasma edge, which is larger than 5 m2s−1 in such discharges [18]. But it increases 
monotonically inward (Fig1(d)). 
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FIG. 1. The auto power spectra of (a) 0
~ BBr , (b) 0

~ BBθ , at the plasma edge ∆r = −2 cm and in 

the SOL ∆r = 1 cm. The radial profiles of (c) rB~  and θB~  relative fluctuation levels (d) χe caused by 
magnetic fluctuations. 
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5. Electrostatic and Magnetic Reynolds Stress Profiles 
 
Fig2(a) and (b) show the profiles of electron density and temperature respectively, which 
were measured with a reciprocating Langmuir probe [19]. The radial profile of MRS is 
plotted in Fig2(c). It shows a gradient in the proximity of the shear layer, however, the 
gradient (~ 3×107ms−2) is small compared to the gradient (~ 2×108ms−2) of ERS, as shown in 
Fig2(d). So the electrostatic component dominates the RS tensor in present experiment. A 
clear structure can be seen in the radial profile of ERS. Its gradient changes sign across the 
LCFS, which implies that mean flows driven by ERS have different directions on the two 
sides of the LCFS. A small jump in the profile can be found at ∆r = 1.5 cm in the SOL, we 
found that the Faraday shield of ICRF antenna is located right there, which can account for 
the structure. The existence of Faraday shield reduced the connect length of magnetic field 
lines; this may influence the propagation properties of turbulence and results in a small 
structure similar to that close to the LCFS. 
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FIG. 2. The radial profiles of (a) electron density ne, (b) electron temperature Te, (c) magnetic 
Reynolds stress, and (d) electrostatic Reynolds stress. 
 
According to the theory [2,20], for the RS to have a nonzero contribution, the radial wave 
propagation and radial asymmetry of turbulence are required. The standard two-point 
correlation analysis technique [21] was applied to the two radially separated fluctuations 
signals 12

~φ  and 3
~

fφ  to investigate the radial propagation of electrostatic turbulence. It was 
found that turbulence is radially asymmetric and propagates in the radial direction. In poloidal 
direction, the turbulence propagates in the ion diamagnetic direction in the SOL (Fig3(a) ∆r = 
1 cm), changes to the electron direction at the plasma edge (∆r = −0.2 cm and ∆r = −0.9 cm). 
At the plasma edge, the kθ spectra are obviously broader than those in the SOL, which means 
the poloidal correlation is significantly reduced at the shear layer. In radial direction, the 
turbulence propagates outward in the SOL in this experiment (Fig3(b) ∆r = 1 cm). When the 
probe top just across the LCFS, the turbulence is observed still propagating outward, but with 
a small averaged kr (Fig3(b) ∆r = −0.2 cm). When the probe top is inserted across ∆r = −0.5 
cm, the direction reverses and the turbulence is observed propagating inward in this 
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experiment (Fig3(b) ∆r = −0.9 cm). The delay between the reversion of kθ and kr is a result of 
the particular configuration of the triple tips array. Since tip1 and tip2 stick out 0.5 cm from 
tip3, when the tip1 and tip2 have just across the LCFS, the tip3 is still in the SOL. As a result, 
the conclusion is that both the kθ and the kr reverses across the LCFS in this experiment, in 
the SOL turbulence propagates in the ion direction and outward, while in the plasma edge 
region it propagates in the electron direction and inward. From Fig3(b), one can also see that 
at the shear layer the kr spectra are slightly broader than those in the SOL. In the SOL the 
width of kr spectra is approximately two times of that of kθ spectra, while at the plasma edge 
two spectra have similar width, which implies the turbulence tends to be isotropic in the shear 
region. This observation is consistent with the prediction of shear decorrelation theory. 
Fig3(c) shows the φf fluctuation level. The decrease of fluctuation level at the plasma edge 
may be a result of the shear suppression. Assuming the boundary turbulence is a kind of drift 
wave, which propagates in both poloidal and radial directions, the ERS gradient can be 

analytically expressed as 
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radial structure of ERS and its gradient quite well. Since kθ and kr both change signs and the 
potential fluctuation level is always positive, the ERS does not change sign across the LCFS. 
Define outward and ion direction as the radial and poloidal reference directions respectively, 

in the equation 0~~ =−
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rt
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r , Vθ > 0. For the ERS gradient to balance the 

damping, θVV
r r
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∂
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−  should be positive in SOL, just as shown in Fig2(d). In the SOL 

turbulence propagates in the ion direction and outward, kθ > 0 and kr > 0, so the θVVr
~~−  is 

negative, as shown in Fig2(d). Similar sign relationship can be checked up at the plasma edge. 
In conclusion, the kθ, kr and the fluctuation level can qualitatively explain the radial structure 
of the ERS. 
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FIG. 3. (a) Normalized kθ power spectra S(kθ), (b) Normalized kr power spectra S(kr); The inserted 
figure (c) shows the radial profiles of floating potential fluctuation RMS values measured by tip1, tip2 
and tip3. 
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6. Poloidal Flow Damping 
 
The RS gradient enables the turbulence to modify the radial transport of the poloidal 
momentum and generate sheared flows. To quantitatively estimate the importance of RS in 
generating sheared flows, a comparison with damping terms in the poloidal momentum 
equation is required. Neglecting the contribution of the MRS. In steady state, the poloidal 
flow profile is governed by the balance between the ERS gradient and the damping terms. 
The ion-ion collision frequency at the plasma edge can be estimated as νii ~ 3 kHz and the ion 
thermal velocity is Vth ~ 50 km/s. Thus the neoclassical transport condition for the plateau 

regime is satisfied 1023 <<
th

ii

V
qR ν

ε , where ε is the aspect ratio. First, considering the 

neoclassical viscosity drag in the plateau regime. The neoclassical damping term due to 
magnetic pumping in the plasma edge region can be expressed by the “Stix-like” model [22] 
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plateau regime. The poloidal flow velocity Vθ can be estimated by the poloidal phase velocity 
of turbulence Vph. All quantities in the above damping term expression can be computed from 

the measured profiles. Fig4 shows the profiles of Vph, poloidal E×B velocity 
φB

EV r
BE =× and 

electron diamagnetic drift velocity 
φBen
rP

V
e

e
d

∂∂
= . The Er was calculated as the radial gradient 

of plasma potential. From this figure, one can see the Vph shear is dominated by the shear of 
E×B drift and the contribution from diamagnetic drift is small, and Vd is only slowly varying 
with radius. These phenomena were similar to those observed in the early TEXT experiment 
[23], including a slightly steepened density profile in the maximal shear region, as shown in 
Fig2. The boundary Bθ profile was directly measured with poloidal magnetic coil and agreed 
quite well with that calculated using a current density profile from an equilibrium model [24]. 
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FIG. 4. The radial profiles of (circle points) the poloidal phase velocity of turbulence, (solid line) the 
poloidal E×B velocity, and (dash line) electron diamagnetic drift velocity. 
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Thus the experimentally measured profile of poloidal velocity damping term −µVθ was 
computed and is plotted in Fig5. To form the sheared flow structure, a momentum source is 
required to drive plasma rotate in poloidal directions. Through the radial force balance, Er 
profile is determined and as a result the E×B flows. Therefore the mechanism for inputting 
poloidal momentum in steady state is responsible for the reversed flow structure. Without the 
momentum source, the rotation will be damped and Er will finally disappear. The ERS 
gradient is shown in Fig5 and compared with the damping term. Good agreement can be seen 
between the two profiles in both magnitude and structure. The ERS gradient reverses at the 
same radial location of the shear layer and balances the neoclassical damping. This indicates 
that the ERS might be the dominant mechanism to sustain the poloidal flow shear at the 
plasma edge. Fig5 also shows the radial gradient of total RS, the contribution of MRS is 
negligible, as a result of small magnetic fluctuation level in low β plasma. 
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FIG. 5. The radial profiles of (circle points) the neoclassical viscosity damping term −µVθ, (solid line) 
the ERS gradient, and (dash line) the total RS gradient. The grey area is confidence interval. 
 
Another possible damping term at the plasma edge is the friction force due to ion-neutral 
collision, the dominant contribution of which is charge exchange [25]. The damping of 
plasma rotation due to charge-exchange processes can be expressed as νi0Vθ, where νi0 = 
<σcxνi>n0a is the ion-neutral collision frequency. At the plasma edge, the mean charge 
exchange rate coefficient <σcxνi> is about 3×10−14 m3/s and the neutral density n0a is close to 
5×1016 m−3, which was inferred from the Hα/Dα emission profile [26]. Thus, νi0 is estimated 
as 1.5×103 s−1. The Vθ at the plasma edge region is about 2 km/s, as shown in Fig4. It follows 
that the contribution of charge exchange to the poloidal momentum damping is about νi0Vθ = 
3×106 m/s2. Since the present experiment shows that the dRs/dr term and the µVθ term are 
both close to 3×108 m/s2 at the plasma edge region, the νi0Vθ term is thus 100 times smaller 
than the magnetic damping term. Therefore, it is concluded that the charge-exchange 
processes do not play a dominant role in the poloidal momentum balance for the parameters 
in this experiment. 
 
Accurate description of the damping term is a crucial element for a complete understanding of 
poloidal momentum balance. The possible deviations from axisymmetry (such as that caused 
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by toroidal field ripple), anomalous viscosity [27] (such as that caused by turbulence) and 
impurity friction may also contribute to flow damping, which are still problems and need 
further investigations. 
 
7. Summary 
 
The radial profiles of electrostatic and magnetic Reynolds stress have been measured in the 
plasma boundary region of HT-7 tokamak. Experimental results show that the radial gradient 
of ERS changes sign across the last closed flux surface, and the neoclassical flow damping 
and the damping due to charge exchange processes are balanced by the radial gradient of 
ERS, which sustains the equilibrium sheared flow structure in a steady state. The contribution 
of magnetic Reynolds stress was found unimportant in a low β plasma. Detailed analyses 
indicate that the propagation properties of turbulence in radial and poloidal directions and the 
profiles of potential fluctuation level are responsible for the radial structure of ERS. 
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