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Global structure of zonal flows driven by ion temperature gradient driven turbulence

in tokamak plasmas is investigated using a global electromagnetic Landau- fluid code.

Characteristics of the coupled system of the znal flows and the turbulence change with

the safety factor q. In a low q region stationary zonal flows are excited and suppress the

turbulence effectively. Coupling between zonal flows and poloidally asymmetric pressure

perturbations via a geodesic curvature makes the zonal flows oscillatory in a high q region.

Also we identify energy transfer from the zonal flows to the turbulence via the poloidally

asymmetric pressure perturbations in the high q region. Therefore in the high q region

the zonal flows cannot quench the turbulet transport completely.
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I Introduction

It is believed that drift wave turbulence such as ion temperature gradient (ITG) driven

turbulence and the zonal flow [1] nonlinearly generated from it via Reynolds stress play

an important role for anomalous transport in tokamak plasmas. The ITG turbulence is

considered as the main candidate inducing anomalous ion heat transport in a core plasma.

Zonal flows are poloidally and toroidally symmetric (M , n) = (0,O) flows, where m and n

are poloidal and toroidal mode numbers, respectively. Global gyrokinetic simulations of

ITG turbulence have demonstrated that turbulent ion transport in the interior region can

be regulated by the zonal flows[2]. Originally considered zonal flows are low frequency

and almost stationary compared to the timescale of turbulence. The stationary zonal

flows can keep decorrelating turbulent vortices in long time and then turbulent transport

is effectively suppressed. Therefore, intensive theoretical studies for zonal flow generation

have been done in various drift waves 3 4 6 7 5, 8 9 Analytical theories for cou-

pled system of the drift wave turbulence and the stationary zonal flows have also been

developed[3 4 Zonal flows, however, may oscillate in time by coupling with poloidally

asymmetric * n)=(1,0) pressure perturbations in toroidal system such as tokamak. The

coupling is due to a geodesic curvature and the oscillation is called the geodesic acoustic

mode (GAM) [10]. Local fluid simulations in a high q region near edge have shown that the

zonal flows make a coherent oscillation at the GAM frequency[11, 13, 12]. Recently the

GAMs are detected experimentally using heavy ion beam probe on Texas EXperimental

Tokamak (TEXT) 14] and beam emission spectroscopy on Doublet III D (DIII-D) [15] It

is. important whether zonal flows oscillate or not because the oscillatory zonal flows are

less effective in suppressing the turbulence than the slowly time varying ones[16].

Moreover the coupling between the zonal flows and the (1,O) pressure perturbations

opens another energy path between the zonal flows and the turbulence in addition to

the Reynolds stress. The role of the path to the zonal flows was first discussed in three

dimensional electrostatic Braginskii turbulence simulations in the core/edge transition

regime[111. The results of the simulations showed that zonal flows can be driven through

the path from the turbulence. The path was also reported as a loss channel of the zonal

flow energy in drift-Alfv6n turbulence simulations[13, 12]. In this case it is difficult that

the zonal flows become significant compared to the turbulence and quench the turbulent

transport.

It is necessary for understanding the anomalous transport in the core to investigate

the zonal flow behavior including nonlinear dynamics between the zonal flows and the

turbulence in the whole plasma. In this paper, global behavior of the coupled system of

the electromagnetic ITG turbulence and the zonal flows in tokamak plasmas is investigated
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using a global electromagnetic Landau fluid code. The results of nonlinear simulations

by the global code show that zonal flow behavior in tokamak plasmas depends on the

safety factor q. In a low q (q 1) region the zonal flows are stationary, and the zonal

flows in the high q region are oscillatory. It is found that the difference of the zonal flow

behavior leads to the different energy flow between the zonal flows and the turbulence. In

the region where the stationary zonal flows are dominant, turbulence energy is transferred

to the zonal flows via the Reynolds stress and the turbulence is suppressed by the zonal

flows. On the other hand, the turbulence energy in the region with the oscillatory zonal

flows is also transferred to the zonal flows via the Reynolds stress, but the zonal flow

energy returns to the turbulence via the poloidally asymmetric pressure perturbations.

Therefore the turbulent transport is not strongly suppressed in the oscillatory zonal flow

region.

This paper is organized as follows. The model equation system is described in section

2. We consider the coupling of the GAMs and the zonal flows in section 3 In section 4,

results of numerical calculations are given. Finally the obtained results are summarized

in section .

2 Model Equations

We use 5-field (density nelectrostatic potential , parallel component of magnetic vector

potential A, parallel ion velocity v and ion temperature T) Landau fluid equation system

to describe the global electromagnetic turbulence in tokamak plasmas. Compared to the

previous resistive drift-Alfve'n model (3-field)[17], the equation system includes a parallel

equation of motion for ion fluid and an ion temperature equation with Hammett-Perkins

closure[18], and an electron Landau damping term is included in the Ohm's law[19] In

the electrostatic limit with adiabatic electrons the 5-field model reduces to the 3-field ion

Landau fluid model in Refs. 20, 21, 22]. Nonlinear evolution equations for these fields

are the following:

dn - dn,',, - n,qvll +V11i
dt dr

r2
+wd(nq - P) Dn" I n

V2 a dnq 1 +q,)VOV2 +

T e neq dr neq V11i

_Wd Ti + Leq n + fe- + Du 74 (2)
neq neq

2
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dv UVIIn
= _VIIT -(1 +,r)L

dt neq

-07eq a dnq (I +,qi +,r)VoA + Dv V2 V (3)
neq

OA a dn,
= -VII0 +,TL VIIn +)3TT,q- 9 VoA

at neq neq dr

+ - IVI I - 77i (4)2' mi neq

dT Te q a dnq nivoo - r -I)TeqVIIV
T n _77

+TeqWd r 1)0 + (2r-l)T + r -1) Leq n
neq

-(r - 1) 8 IVI IT + DT V2 T, (5)
7r

and parallel current is related with the magnetic potential through the Ampbre's law

= _v2 Al (6)

where, Pe = rTeqn, neq (TeJ is an equilibrium density (ion temperature) normalized by
the central value n, (T), = TeolTio is a ratio of electron and ion equilibrium tem-

peratures, = nT,)/(B2/fto) is a half of beta value evaluated on the plasma center,

77 = dInTeqld In neq, Bo is a toroidal magnetic field on the magnetic axis andr= 53 is

a ratio of specific heats. We assume a circulax tokamak geometry (r, 0, C, where r is a

radius of magnetic surface, and are poloidal and toroidal angles, respectively. Then----

operators are defined as

dfT = Otf + [, f], VI, f =EO(f -3[A, f],

wd f = 2E[r cos 0, f],

1 Of Og Of Og
V19 = r Or 90 0 Or

where = a/R is an inverse aspect ratio, a and R are minor and major radii, respectively.

Here the normalizations are tvti/a -+ t, r1pi _+ r, pV V aV 11 - VII,

a n eo v A T�
(n, , v, A, T)

Pi n, C Vti Bopi'T)

where vti = V�/M�il Pi Vti/u)ci) wci = eBo/mi. Artificial disspations, (Dn' Du7 Dv, DT)

are included to damp the small scale fluctuations.

- 3 -
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3 Zonal Flow and Geodesic Acoustic Mode

In this section we analyze the coupling between the zonal flows and the GAMs in the

present model briefly. The zonal flows can oscillate by the coupling with the (1,O) pressure

perturbations. The zonal flow equation is obtained from flux surface average of the

vorticity equation:

O(VE) 1 O 2 2
Ot r2 Or (�)EbEO) + nq r2Or-r (BBo)

2 a
--- (psinO), (7)

neq R

where denotes the flux surface average, (VE = 2k is the zonal flowOr 7 VEr and

VEO are ExB drift velocities in radial and poloidal directions, respectively, (psino)Or

is the (1,O) pressure perturbation and p = pi p = nqT + Tqn + -Tqn. In Eq. 7 a

viscous term is neglected. The first and second terms in the right hand side are Reynolds

and Maxwell stress terms, respectively. The zonal flows are directly connected with the

turbulence through these stress terms. The final term shows the coupling with the (1,O)

pressure perturbations due to the geodesic curvature.

The equation for the (1,O) total pressure perturbation is expressed as

19 (psinO = -([�,P]sinO)+(r+T)Pq a (V Cos 0)5t- TR
+(r +,T a eq VE) (8)

WP

Here magnetic nonfinearity ([A,,b], [A, "�]) related terms, Alfv6n waves ((j cos 0) term),

coupling with the (2,O) mode ((0 cos 20), (vP cos 20) terms) and Landau damping term

are neglected. The first term in the right hand side shows a nonlinear coupling with

the turbulence. Recently it has been reported that zonal flows are driven by (p sin )

generated from the turbulence through the nonlinear term, which was the result from

the three-dimensional electrostatic Braginskii turbulence simulations in the core/edge

transition regime[11]. On the other hand, the 4-field drift-Alfv6n turbulence simulations

in the edge region have shown that zonal flow energy is transferred back to the turbulence

through this term 13]. We also investigate this point in our nonlinear simulations. From

the terms including (vE) and (p sin 0) in Eqs. 7 and (8), we obtain the GAM oscillation

equation,

02
�VE) (a)2

Ot2 2(r+-r)T,, jj (VE)- (9)

4 -
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Replacing 9t -i6) yields the normalized GAM frequency,

r)T a
(DGAM =V2 r (10)

R'

Since time is normalizd by alvti, the GAM frequency in physical unit is vtilR. In the

same way, from the terms including (p sin 0) and (v cos 0) in Eq. (8) and the equation for

(v cos 0) described by

a-
(VC080) (P sin 0), (11)

neq qR

we obtain the normalized parallel sound wave frequency for the (1,O) mode,

1D.ound (r r Teq a (12)
qR'

For the (1,O) mode, the timescale of the dynamics parallel to the magnetic field is repre-

sented by C�Zl.d. The zonal flows are usually driven by the turbulence via the Reynolds

stress and tend to excite the (1,O) pressure perturbations (p sin 0) in toroidal system. In

a high q region where the sound waves are negligible, the zonal flows can excite the (1,O)

pressure perturbations which change the direction of the zonal flows, and then the zonal

flows oscillate with the (1,O) pressure perturbations at c�GAM- On the other hand, when

c2)r�und is close t COGAM at low q (q - 1), the sound wave term in Eq. (8) becomes compa-

rable to the term including (vE). In this case, the (1,O) pressure perturbations are relaxed

along the magnetic field by the sound waves due to short connection length qR as soon as

the zonal flows excite the (1,O) pressure perturbations. The zonal flows cannot oscillate

without the (1,O) pressure perturbations, so that the zonal flows are stationary in a low

q region. Thus the safety factor q is important for the zonal flow behavior in toroidal

system.

4 Numerical Results

Parameters used in the calculations are R/a = 4 pila = 00125, ' = 1, = .001,

neq = 08 + 02e-2(r/a)2 , Teq = 035 + 0.65(l - /a)2)2, q = .05 + 2(r/a)2. These

background profiles shown in Fig. I are fixed in the calculations. All fluctuations are

expanded in Fourier modes in the poloidal and toroidal directions,

f f,,,,n(r, t) exp[i(m - n()] (13)

mn

and finite differenciated in the radial direction. The Fourier modes included in the cal-

culations are ones having resonant surfaces between 02 < ra < .8 in the range of

-
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m 80 and n 50, and nonresonant (m, n = 0, 0), (1, 0) components. Only even

toroidal modes are kept to save computational time. The number of radial mesh is 256.

Artificial disspations (Dn, Du, D, DT) depend on the poloidal mode number m and are
set to be - 10-7M4 , and resistivity 7 = 4 x 10'. The dominant instability in the present

parameters is the ITG mode.

4.1 Two Types of Zonal Flows

Figure 2 shows the temporal evolution of the zonal flows in qua'si steady state. Zonal

flow behavior changes with radius. In the inner (low q) region (r/a < .5) the zonal flows

are almost stationary. On the other hand, the zonal flows make a coherent oscillation

due to the coupling with the GAM in the outer (high q) region. The difference of the

zonal flow frequency is clearly seen in Fig. 3 in which the pure AM frequency fGAM =

(�)GAM/2r and the pure parallel sound frequency fmmd = sound/2,x are also plotted. In

the inner region there are two large peaks around zero frequency, which correspond to

the stationary sheared zonal flow. On the other hand, the zonal flows in the outer region

have finite frequency. Although there are small peaks along fGAM, main peaks are located

at f = 004 - 0.05, which is lower than fGAM- When Lound is the same as the frequency
of the oscillatory zonal flows by decreasing q, the zonal flows change from the oscillatory

mode to the stationary mode.

4.2 Energy Loop Between Zonal Flows and Turbulence

In this subsection energy flow between the zonal flows and the turbulence is investigated

in. detail. Multiplying vE) to Eq. 7 we obtain the zonal flow energy equation,

2 = - -
(VE) ('DE, Q) (VE) + (VE)

Reynolds Maxwell

-WB (P sin 0) (VE), (14)

geodesic transfer

where f = V2 � is vorticity and WB = 2a/R. Figure 4 shows temporal evolution of three

terms in the right hand side of the above equation at (a) /a = 031 and (b) r/a = 065

and the time averaged values are listed in Table 1. At ra = 031 where the zonal flows

are stationary, the Reynolds stress term is almost always positive and transfer energy

from the turbulence to the zonal flows. While the geodesic transfer term is negative and

energy of the zonal flows goes to the (m, n) = (1,O) pressure perturbations p sin 0) At

r/a = 065 where the zonal flows are oscillatory, the mean Reynolds stress contribution

is positive. The zonal flow energy is supplied averagely through the Reynolds stress drive

6 -
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from the turbulence. It is noted that the mean Reynolds stress drive at ra = 031 is

larger than that at r/a = 065, although turbulence level at r/a = 065 is higher than

that at r/a = 031. The oscillatory nature of the zonal flows makes the mean drive less

effective. The geodesic transfer term is dominant at r/a = 065 and takes both positive

and negative values temporally as shown in Fig. 4 b). The mean geodesic transfer

effect is negative, so that the zonal flow energy goes to the (1,O) pressure perturbations

averagely.

The Maxwell stress contribution is very small compared to the other contributions, but

it increases with 23]. Therefore, the Maxwell stress may affect the zonal flow generation

in high plasmas.

The zonal flow energy is transferred mainly to the (1,O) ion pressure perturbations.

The equation describing time evolution of the (1,O) ion pressure perturbation energy is

a (pi sin 0)2 Pi] sin 0) (pi sin )

nonlinear transfer

+ rAq a (v cos ) (pi sn 0)

qR

sound wave

-(r - 1) Ir I k1 I T sin 0) (pi sin )

Landau damping

+ rPq a (vE) (pi sin 0) . (15)

zonal flow

Here magnetic nonlinearity and source from the equilibrium pressure gradient are ne-

glected. Figure shows the temporal evolution of nonlinear transfer, sound wave and

zonal flow terms in the right hand side of the above equation at (a) r/a = 031 and (b)

r/a = 065. The time averaged values are also listed in Table 2 At r/a = 031 the zonal

flow term is almost always balanced by the sound wave term, and the energy transferred

from the zonal flows goes to the parallel sound waves. The nonlinear energy transfer is

very small at r/a = 031, so that the energy hardly returns to the turbulence. On the

other hand, the nonlinear energy transfer to the turbulence is significant at ra = 0.65.

The energy loop between the zonal flows and the turbulence via the (1,O) pressure pertur-

bations is formed in the high q region as pointed out in Ref. 13]. Therefore it is difficult

that the zonal flows increase over the turbulence. As a result, a difference of the ratio

EkZFI(EkZF + Ekt.,b) appears in the plasma as shown in Fig. 6 where EkZF = (VE)'2

is the zonal flow energy and Ek IV, 12 is the kinetic energy of the turbulence. In

the low q region (r/a < 045) where the zonal flows are stationary, the zonal flows are

7
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dominant to the turbulence. While, in the high q region (rla > 045) where the zonal

flows are oscillatory, the zonal flow level is same as the turbulence due to the energy loop

between the zonal flows and the turbulence.

Figure 7 shows temporal evolution of electrostatic component of heat flux (TDE,), The

heat transport is effectively suppressed in the inner zonal flow dominant region. On the

other hand, the heat flux in the outer region is not small, because the zonal flow level is

same as the turbulence level. Besides, the effective shearing rate of the oscillatory zonal

flows is smaller than that of the stationary zonal flows[16]. This leads to weak suppression
of the heat flux by the oscillatory zonal flows.

5 Summary

Using the developed global Landau-fluid code, we have performed the electromagnetic

ITG turbulence simulations in tokamak plasmas. Two types of zonal flows, stationary

and oscillatory modes, are possible in toroidal system. The zonal flow behavior is changed

by the safety factor q. In the low q region the zonal flows are stationary. The stationary

zonal flows suppress the turbulence efficiently. On the other hand, the zonal flows are

oscillatory in the high q region due to the coupling with the (1,O) pressure perturbations.

The oscillatory nature makes the suppression of the turbulence by the zonal flows less

effective. The zonal flows are driven from the turbulence via the Reynolds stress. A

part of the energy of the oscillatory zonal flows is transferred back to the turbulence

through the (1,O) pressure perturbations. Therefore the oscillatory zonal flows cannot

quench the turbulence unlike the stationary zonal flows whose energy hardly returns to
the turbulence.

Thus the stationary zonal flows are favorable for the turbulence suppression from the

point of view of both their timescale and energy flow. These results may be helpful

in understanding experimentally observed internal transport barriers (ITBs) in tokamak

plasmas with positive magnetic shear, although to demonstrate the relation with the

ITB formation the analysis with neoclassical effect and heating is necessary like in Refs

[22, 25, 24].
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Table 1: Time averaged zonal flow energy drives due to Reynolds stress, Maxwell stress
and geodesic transfer effect in Eq. 14).

r/a=0.31 r/a=0.65
Reynolds drive 1.47 x10-2 1.01 X 10-2

Maxwell drive 5.01 x 10-4 -2-75 x 10-3

Geodesic transfer -1.24 x 10-2 -7.56 x 10-3

Table 2 Time averaged contributions to the (1,O) ion pressure perturbation energy in Eq.
(15).

r/a=0.31 r/a=0.65
Nonlinear -8-83 x 10-5 - 1. 51 x 10-3
Sound wave -2.20 x 10-3 -6.45 x 10-4

Zonal flow 2.51 x10-3 3.38 x 10-3

Landau damping _1.19 X 10-4 _1.91 X 10-3
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Figure 1: Normalized density, temperature and safety factor profiles.
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Figure 2: Temporal evolution of zonal flows (vE).
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