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A method for direct assessment of the equilibrium E�B flow velocity (E� B flow shear is

responsible for the turbulence suppression and transport reduction in tokamak plasmas) is investigated

based on two facts. The first one is that the apparent poloidal rotation speed of density fluctuation

patterns is close to the turbulence rotation speed in the direction perpendicular to the local magnetic

field line within the flux surface. And the second “well-known” fact is that the turbulence rotation

velocity consists of the equilibrium E�B flow velocity and intrinsic phase velocity of turbulence in

the E�B flow frame. In the core region of the low confinement (L-mode) discharges where a strong

toroidal rotation is induced by neutral beam injection, the apparent poloidal velocities (and turbulence

rotation velocities) are good approximations of the E� B flow velocities since linear gyrokinetic sim-

ulations suggest that the intrinsic phase velocity of the dominant turbulence is significantly lower than

the apparent poloidal velocity. In the neutral beam injected L-mode plasmas, temporal and spatial

scales of the measured turbulence are studied by comparing with the local equilibrium parameters rele-

vant to the ion-scale turbulence. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4949350]

I. INTRODUCTION

In magnetically confined plasmas, heat and particle trans-

port from the hot core to the cold edge is significantly

enhanced by the turbulence. This issue has been critical in

understanding the cross field energy transport. Therefore, the

study of suppression mechanisms of the turbulence has been

the prime research topic. One of the well-known mechanisms

of turbulence suppression is an E�B flow shear, which was

originally developed to explain the strong transport barrier

formed at the edge of high confinement (H-mode) plasmas.1

The sheared flow, which is induced by the spatially non-

uniform radial electric field, can reduce the growth rate of the

turbulence and breaks the radially elongated turbulent eddies,

which are known as the path of heat and particle transport.

Therefore, the measurements of E�B flow velocity (or radial

electric field) and the corresponding radial gradient are impor-

tant for understanding of the turbulence behavior.

E�B flow velocity or radial electric field in tokamaks

has been obtained with several methods. The most widely

used method is the simultaneous measurement of the toroidal

and poloidal rotation velocities and density profile of impu-

rity ions or main ions with toroidal and poloidal charge

exchange recombination spectroscopy (CES) systems. With

these parameters, the radial electric field can be determined

from the radial force balance relationship2–6

Er ¼ U/Bh � UhB/ þrPi=ðZeniÞ; (1)

where the toroidal velocity U/, the poloidal velocity Uh, the

pressure Pi, and the density ni are the parameters of single

species ions (impurity or main ions) with charge Ze, and B/

and Bh are the toroidal and poloidal magnetic fields. This

method provides the radial electric field profile over a wide

radial range so that one can evaluate the E�B flow shear.

The second method is based on the measurement of the rota-

tion velocity of density fluctuations in the direction perpen-

dicular to the magnetic field with Doppler reflectometry,7–9

and then, the intrinsic turbulence phase velocity estimated

from simulations is subtracted from the measured rotation

velocity. When the measured rotation velocity of fluctuation

is sufficiently faster than the intrinsic turbulence phase ve-

locity, it is close to the E�B flow velocity. The third method

is a direct measurement of the electric field with multichan-

nel motional Stark effect (MSE) polarimetry.10

In this paper, the equilibrium E�B flow velocity is

deduced from the mean apparent poloidal rotation velocity

of density fluctuation patterns, which are measured by a mul-

tichannel (poloidal 16 and radial 2) microwave imaging

reflectometry (MIR) system.11,12 This system measures ion-

scale electron density fluctuations with poloidal wavenumber

kh � 3 cm�1. This method is similar to the second method

employing Doppler reflectometry, since the apparent poloi-

dal velocity with MIR is close to the rotation velocity of fluc-

tuations measured by Doppler reflectometry (this is precisely

explained in Sec. II). This method can be applied with any

diagnostics for 1D (in the poloidal direction) or 2D fluctuation
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measurements such as beam emission spectroscopy (BES)

and electron cyclotron emission imaging (ECEI). The E� B
velocity measurement with MIR is useful in the Korea

Superconducting Tokamak Advanced Research (KSTAR),

since the poloidal CES system is only available in the outer

region (r=a > 0:6) and the Doppler reflectometry is still

being developed (to be installed in 2016 or 2017).

II. E 3 B FLOW VELOCITY DEDUCED FROM THE
APPARENT POLOIDAL ROTATION OF FLUCTUATION
PATTERNS

The rotation speed of the turbulence in the direction per-

pendicular to the local magnetic field line within the flux sur-

face (simply “turbulence rotation velocity”) can be decomposed

into two parts

v? ¼ UE�B þ x0=k?; (2)

where UE�B is the equilibrium E�B flow velocity, and

x0=k? is the intrinsic phase velocity of the turbulence in the

E�B flow frame.7–9,13–16 This equation originates from a

spectral shift model (x? ¼ k?UE�B þ x0) proposed to

explain that the observed mode frequencies are consistent

with the calculated ones when the spectral shifts due to the

E�B rotation are included.13–15 Although the equation was

originally introduced to explain the discrepancy in the mode

frequency (observed versus calculated), it has also been uti-

lized to determine the E�B flow velocities from turbulence

rotation measurements with Doppler reflectometry.7–9,16 If

the E�B flow velocity dominates, the measured turbulence

rotation velocity can be a good approximation of the E�B
flow velocity.7,8,16

Direct measurement of the intrinsic phase velocity is not

trivial since the E� B flow velocity is nonzero in most plas-

mas. In addition, the intrinsic phase velocity can be compara-

ble to or even smaller than the measurement error of the

E� B flow velocity and thereby has been computed by

numerical simulations. From linear gyrokinetic simulations

under the condition of equilibrium Er¼ 0, x0 is the real part

of the dominant mode frequency corresponding to the wave-

number k?, where the growth rate is maximum. It is known

that the intrinsic phase velocity is predominantly small

compared to the corresponding diamagnetic velocities,9,15

i.e., smaller than the ion pressure diamagnetic velocity U�i ¼
rPi=ðZeniBÞ for the ion temperature gradient (ITG) mode

and the electron density diamagnetic velocity U�e ¼
�Terne=ðeneBÞ for the trapped electron mode (TEM),

where Te and ne are the electron temperature and density,

respectively.

The turbulence rotation velocity can also be expressed

as the sum of a different flow velocities and phase velocities

in the new flow frame as

v? ¼ U? þ x=k?; (3)

where U? ¼ �ðU/Bh � UhB/Þ=B is the plasma (or ion

mass) flow velocity in the perpendicular direction. This

equation is more intuitive than Eq. (2) since U? is the plasma

flow velocity in the laboratory frame. Note that the plasma

flow can be decomposed into the parallel and perpendicular

components (with respect to the local magnetic field) or to-

roidal and poloidal components. From a different form of the

radial force balance relation U? ¼ UE�B þ U�i together with

Eqs. (2) and (3), the phase velocity in the plasma flow frame

is related to the intrinsic phase velocity as

x=k? ¼ �U�i þ x0=k?: (4)

This relationship indicates that the phase velocity in the

plasma flow frame is governed by the ion diamagnetic veloc-

ity since its magnitude is larger than that of the intrinsic

phase velocity. Therefore, x=k? is generally in the electron

diamagnetic direction regardless of the dominant turbulence.

Note that the positive (negative) velocity indicates the rota-

tion in the electron (ion) diamagnetic direction in this paper.

Turbulent structures are anisotropic and highly elon-

gated along the magnetic field line (‘k � ‘?, where ‘k and

‘? are the turbulence length scales parallel and perpendicu-

lar, respectively, to the magnetic field line within the flux

surface). The poloidal velocity of the elongated turbulent

structures measured by multichannel diagnostics (dubbed as

“apparent poloidal velocity” in this paper) is given by17,18

vh ¼ �U/ tan aþ Uh þ x=kh; (5)

where a is the magnetic pitch angle, and kh ¼ k? cos a (see

Fig. 1). The poloidal projection of the toroidal flow velocity

�U/ tan a is the dominant term in fast rotating plasmas by

neutral beam injection (NBI); however, the three terms on

the right-hand side can be comparable in slowly rotating

plasmas. The meaning of the poloidal motion of turbulent

structures measured by multichannel diagnostics is more pre-

cisely explained in Ref. 18. To determine the apparent poloi-

dal velocity from time-dependent multichannel data, a time

delayed cross correlation (TDCC) analysis is applied.12,18

The apparent poloidal velocities are in the ion diamagnetic

direction (clockwise) in the core region of neutral beam

(NB) injected plasmas and often in the electron diamagnetic

direction (counterclockwise) in the core of ohmic plasmas

(probably due to the intrinsic toroidal rotation in the counter-

clockwise direction when viewed from above)11 or the

FIG. 1. Illustration representing the apparent poloidal motion (observed by a

diagnostic) of a turbulent structure elongated along the magnetic field line.

Here, it is assumed that Uh ¼ 0 and x=kh ¼ 0. The poloidally projected to-

roidal flow velocity �U/ tan a is the dominant term of the apparent poloidal

velocity in NB injected plasmas. Note that the directions of the plasma cur-

rent, the toroidal magnetic field, and the NBI are all clockwise in KSTAR

when viewed from above.
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pedestal of H-mode plasmas (probably due to the slow toroi-

dal rotation in the edge region but large pressure gradient).17

From Eqs. (4) and (5), it can be understood that the apparent

poloidal velocity in the ion diamagnetic direction can be sig-

nificantly reduced or reversed to the electron diamagnetic

direction by the enhanced diamagnetic term in the steep ion

pressure region (edge pedestal or internal transport barrier).

An important fact is that the apparent poloidal velocity is

close to the turbulence rotation velocity as v? ¼ vh cos a from

Eqs. (3) and (5). Based on this fact together with Eq. (2), mul-

tichannel imaging diagnostics such as MIR, BES, and ECEI

can be utilized to measure the E�B flow velocity and corre-

sponding radial electric field through the relationship

UE�B ¼ vh cos a� x0=k?: (6)

If the intrinsic phase velocity is sufficiently smaller than the

apparent poloidal velocity, the E�B flow velocity can be

directly determined from the measured apparent poloidal

velocity. A good agreement of this relationship was reported

from a DIII-D experiment, where the apparent poloidal

velocities measured by BES were similar to the E�B flow

velocities obtained by the radial force balance.19

III. EXPERIMENTAL RESULTS

A. Equilibrium E 3 B flow velocities in NB injected
L-mode discharges

In order to estimate the equilibrium E�B flow veloc-

ities, four NB injected low confinement (L-mode) discharges

are analyzed. The basic operation parameters are as follows:

the toroidal magnetic field on axis is 3.0 T (3.3 T for one dis-

charge); the plasma current is 600 kA (700 kA for one dis-

charge); and 1.43 MW NB using “source 1” was injected to

the co-current direction for strong toroidal rotation for all

discharges (0.7 MW electron cyclotron resonance heating

(ECH) was additionally applied to one discharge). Figure 2

shows the radial profiles of the electron and ion tempera-

tures, the electron density, the toroidal rotation speed, the

safety factor, and the magnetic pitch angle. The electron

temperature was measured by an electron cyclotron emission

(ECE) radiometer, and the carbon ion (C6þ) temperature and

the toroidal rotation velocity were measured by CES. Note

that the electron temperature measurement was available

only in the region of R> 2.04 m for the 3.3 T plasma due to

the limited frequency range of the detection system, and a

reasonable electron density profile was assumed for the

L-mode discharges and normalized to the measured line av-

erage density. The safety factor and the magnetic pitch angle

were deduced from the equilibrium reconstruction calcula-

tion with the EFIT code.20

The mean apparent poloidal velocities measured at

R� 2.0–2.15 m (or r/a� 0.4–0.7) are 4–9 km/s in the ion dia-

magnetic direction (clockwise). Note that the cross correla-

tion analysis is applied to 40 ms duration signals (amplitudes

of complex signals) recorded at 1 MHz sampling rate and

high-pass filtered at 100 kHz. Unavailability of the electron

density profile measurement gives uncertainty in the MIR

measurement position (assumed 65 cm), and this is the

major error source (�10%) in the apparent poloidal velocity

measurement. Note that the total error is �25% including the

error of linear fitting (�5%) when applying the TDCC analy-

sis and error in the optical system (�10%). Exact poloidal

spans with 16 channels are obtained by ray tracing since the

refraction effect near the cutoff layer cannot be neglected.

Especially in the inner measurement (r=a � 0:4), the poloidal

span is reduced by �11% with respect to the vacuum case.

Since the magnetic pitch angle is less than 7�, v? � vh. The

intrinsic phase velocities of the dominant turbulence from the

linear gyrokinetic simulations with the GYRO code21 are from

�0.4 km/s to 0.2 km/s, as shown in Fig. 3(a), which are much

slower than the measured apparent poloidal velocities and well

within the measurement error of the apparent poloidal velocity.

Accordingly, the measured apparent poloidal velocities are

close to the E�B flow velocities. The equilibrium E�B flow

velocity and the corresponding radial electric field Er ¼
�UE�BB are shown in Figs. 3(b) and 3(c). For a discharge

(shot #9010), the radial electric field profile is predicted from a

neoclassical calculation with the TRANSP code22 and repre-

sented by a blue dashed line in Fig. 3(c). The poloidal flow and

ion pressure terms on the right hand side of Eq. (1) are calcu-

lated, since the measurement of the poloidal flow velocity and

the ion pressure was not available for the discharges. The

measured Er is consistent with the neoclassical prediction.

The measured apparent poloidal velocities for shot

#9010 are compared to those predicted from a turbulence

simulation, including the toroidal flow effect by NBI with a

nonlinear gyrokinetic code GTS.23,24 Note that the TRANSP

results such as the radial electric field were used for the ini-

tial condition of the GTS calculation. Figure 4(a) shows a

time evolution of electron density fluctuations measured at

R � 215 cm, and Fig. 4(b) shows a snapshot of 2D fluctua-

tions simulated by GTS. The GTS result is taken from the

FIG. 2. Radial profiles of parameters of four NB injected L-mode dis-

charges: (a) electron and (b) ion temperatures; (c) electron density; (d) toroi-

dal flow velocity; (e) safety factor; and (f) magnetic pitch angle. The basic

operation parameters are B/0 ¼ 3:0 T, Ip¼ 600 kA, and PNB ¼ 1:43 MW.

The MIR measurement region is colored orange.
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saturated turbulence phase. Figures 4(c) and 4(d) illustrate

the apparent poloidal velocities determined by the TDCC

analysis. The measured value at R � 215 cm is smaller than

the predicted value from the turbulence simulation, but the

difference is within the measurement error bar. In Fig. 3(d),

the measured values are compared to the predicted ones by

GTS and TRANSP. Based on the GTS and TRANSP results,

the turbulence contribution to the E� B velocity is in the ion

diamagnetic direction.

B. Spatial and temporal scales of the measured
turbulence

Spatial and temporal characteristic scales of the density

turbulence in the NB injected L-mode discharges are esti-

mated using the cross correlation analysis. The poloidal corre-

lation length (‘h) of the density turbulence is determined by

fitting a function f ðDZÞ ¼ cosðkhDZÞ expð�jDZj=‘hÞ to the

cross correlations with zero time lag, CðDZ 6¼ 0;Dt ¼ 0Þ.25

Note that ‘? ¼ ‘h cos a � ‘h since a < 7�. Figure 5 shows an

example of the cross correlation analysis. Since the turbulence

is known to be driven by radial gradients of equilibrium tem-

perature and density, the normalized poloidal correlation

lengths ‘h=qi (qi ¼
ffiffiffiffiffiffiffiffiffi
miTi

p
=eB is the ion gyroradius) are com-

pared with the normalized gradients R=L�, where L� ¼
minðLTi

; Lne
Þ and LX ¼ X=j@X=@Rj is the scale length of a pa-

rameter X. The result (from the small data set) does not show

clear dependence on the radial gradient, as shown in Fig. 6(a).

A temporal scale of the turbulence, correlation time (sc) is

estimated by fitting a function f ðDtÞ ¼ exp½�jDtpeakðDZÞj=sc	
to the time lags of the peak cross correlations, as shown in

Fig. 5(c). The correlation time is compared with four parame-

ters: the ion drift time s� ¼ ‘?=U�i � ð‘?=qiÞ L�=vthi, where

vthi ¼
ffiffiffiffiffiffiffiffiffiffiffi
Ti=mi

p
is the ion thermal speed;25 the parallel ion

streaming time sst ¼ ‘k=vthi, where ‘k � pqR; the magnetic

drift time sM ¼ ‘?=UM � ð‘?=qiÞR=vthi (associated with rB
and curvature drift); and the inverse E�B shearing rate

sE�B ¼ 2p=xE�B. Note that a simplified expression26,27 of the

Hahm-Burrell E� B shearing rate28 is utilized based on the

assumption of turbulence isotropy (‘? � ‘r), and the Er gradi-

ent of each discharge is evaluated with Er values at two radial

positions (DR � 5 cm). Figures 6(c)–6(f) show linear depend-

ence on the parameters especially on ion drift time and mag-

netic drift time. In a spherical tokamak, it was reported that the

FIG. 4. Comparison between measurement and simulation for shot #9010 (t � 2:9 s): (a) time evolution of electron density fluctuations at R � 215 cm meas-

ured by MIR, (b) 2D electron density fluctuations (rotating clockwise) simulated by GTS (16 spots indicate the MIR measurement positions), and the mean

apparent poloidal velocities of (c) the measured and (d) simulated fluctuations applying the time delayed cross correlation analysis.

FIG. 3. Intrinsic phase velocities of dominant turbulence from the linear

gyrokinetic simulations with GYRO, (b) measured vh which is close to

UE�B, and (c) corresponding Er (blue dashed line is the Er profile calculated

by TRANSP for shot #9010). (d) Measured vh (blue squares) for shot #9010

are compared to those from a nonlinear gyrokinetic simulation of turbulence

with GTS (red solid line) and calculated UE�B by TRANSP (dashed line).

The dotted line indicates �U/ tan a.
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correlation time of ion-scale turbulence is comparable with three

parameters as sc � s� � sst � sM, and the measured turbulence

was called critically balanced.25,29 On the other hand, the corre-

lation time in this experiment is about a third of the drift time

and is much smaller than the streaming time and the magnetic

drift time as sst � sM � 17 sc. Since sst � sM as shown in

Figs. 6(d) and 6(e), it is found that ‘h=qi � ‘k=R � pq, which

is plotted in Fig. 6(b).

IV. SUMMARY

The equilibrium E�B flow velocities are obtained by

measuring the mean apparent poloidal velocity of the turbu-

lent density fluctuation patterns with the MIR system in the

core region of the NB injected L-mode discharges on

KSTAR. The linear gyrokinetic simulations show that the

intrinsic phase velocities of the dominant turbulence, which

seem to be either the ITG mode or TEM, are sufficiently

small compared to the apparent poloidal velocities. In this

case, the apparent poloidal velocities are close to the E�B
flow velocities.

The spatial and temporal characteristic scales of the

measured turbulence in the NB injected L-mode discharges

are estimated by utilizing a cross correlation analysis. The

poloidal correlation length (‘h=qi ¼ 5� 10) does not seem

to be dependent on the gradients of ion temperature and den-

sity but on the safety factor. The correlation time

(sc¼ 2–6 ls) shows the linear relationship with the local

equilibrium parameters relevant to the ion-scale turbulence.

V. DISCUSSION

In this paper, only the L-mode plasmas are analyzed for

the E�B flow velocity estimation since correlations among

the poloidal channels in the H-mode plasmas are weak prob-

ably due to reduced turbulence, and weak correlations result

in large fitting errors on the apparent poloidal velocity. This

is a disadvantage of the method based on the cross correla-

tions among multiple channels. In the H-mode, we need a

different method to deduce more accurate apparent poloidal

velocities. If there are long-lived coherent modes in the H-

mode, exact apparent velocities can be easily determined as

demonstrated in Ref. 17.
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