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I. Introduction

The anomalous transport in toroidal plasmas has been investigated extensively. It is
pointed out that the nonlinear instability is important in driving the microturbulence[I], i.e.,
the self-sustained plasma turbulence. This concept is explained as follows; when the electron
motion along the magnetic field line is resisted by the background turbulence, it gives rise to
the effective resistivity and enhances the level of the turbulence. The nonlinear simulation of
the electrostatic current diffusive interchange mode(CDIM) in the two dimensional sheared
slab geometry has been performed as an example. The occurrence of the nonlinear instability
and the self-sustainment of the plasma turbulence were confirmed by this simulation[2]. On
the other hand, the electromagnetic turbulence is sustained in the high pressure limit. The
possibility of the self-organization with more variety has been pointed out[3]. It is important
to study the electromagnetic turbulence based on the nonlinear simulation.

In this paper, the model equation for the electrostatic CDIM turbulence[2] is extended
for both electrostatic and electromagnetic turbulence. (1) Not only ExB convective
nonlinearity but also the electromagnetic nonlinearity which is related to the parallel flow are
incorporated into the model equation. (2) The electron and ion pressure evolution equations
are solved separately, making it possible to distinguish the electron and ion thermal diffusivities.
The two dimensional nonlinear simulation of the electromagnetic CDIM is performed based
on the extended fluid model.

This paper is organized as follows. The model equation is explained in section II. The
result of simulation is shown in section III. The conclusion and discussion are given in
section IV.

II. Model Equations

We start with the four fields reduced set of equations in sheared magnetic field with a
bad averaged magnetic curvature. Two dimensional sheared slab geometry (x,y) is used with
the box size Lx and Ly . The pressure gradient is taken in the x-direction. The main magnetic
field Bois in the z-direction and the sheared magnetic field is in the y-direction By - BQX/LS ,
where Ls is the shear length. We study the two dimensional electromagnetic turbulence of the

form §(x,y,t) = £ <t>(X kx) exp (ikyy + i(ot) with ky = 2nm/ Ly , where m is the mode number.
>

Hereafter, we abbreviate as <KX> ky) - § for simplicity. Basic set of equations for the electrostatic
potential <t>, the z-component of the vector potential A , the fluctuating electron pressure pe,
and the fluctuating ion pressure p, are given in a normalized form[2] as
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,U] + [A, W]=- V X A - i k y a e P e - ikya,Pl + \iLV2JJ

>,W]- U A , W] + Ke[A, Pe] = - V ^ + KeVllPe - ik}KA + X±VZ
±W

JjPe + W, Pe] =-iky(l-He)$-i ky,CePe - F

j-f A + [0, A ] = - i ky ( 1 - H,) 0 - / kyCiPl + X

with U = V]$ and W = - V\A + A . Here [A,B] is the Poisson's bracket in Fourier space
defined by

dBk

The non-dimensional parameters are given by oce, = - q2R d$ei/dx, (3f, = 8npei/Bl,
Ke = a^m.lm, I (2q) , Cei = (5 / 3) L^p,ajm,lme I (qR) ,Fe = (5/3) Lpe ^ 7 ^ 7 /

L~pe,pi = - din PJdx and £e = v//e0 / vA . To derive these equations, we assume that the sound
wave is decoupled from this mode (v,,, = 0 ) and that 0O, v//e0, v/no are constant in space. If the
nonlinear term v//e0V//v//e which is proportional to \e is renormalized, it formally reduces to
the Rechester and Rosenbulth type formula[4] in the limit v//e0 -> v!he, where v,te is the
electron thermal velocity. If we set \e = 0, X,, = 0, %//f, = 0, Kej = 0, Cei = 0, Fe = 0, ae = a,,
X±«= X-u and neglect the term dA/dt and [<)), A] in Ohm's law, then this model reduces to the
p rev ious e l e c t r o s t a t i c m o d e l [ 2 ] . The boundary c o n d i t i o n s
Vi<|>(± LJ2) = 0, <|>(± LJ2) = 0, A(± LJ2) = 0, peJ(± LJ2) = 0 are used for the x-direction
and the periodic boundary condition is used for the y-direction.

The power spectrum of the fluctuating energy is evaluated for each k^Fourier component

by W,L,= (\V^\2)/2, W; = (|viA|2)/2, WV±A = (I V±A |2}/2 , WPe = (\Pe\
2)/2 ,

)/2 where (•••) indicates the space average of the x-direction

L/Z
••• dx/Lx . The fluctuating energy is expressed by £Vl<> = X Wv±^ , E]• = X

L/Z ky ky

p _ y w f = > w F =7 W
Ky Ky ky

III. Simulation Results

In this section, we discuss the results of nonlinear simulation. The parameters are
chosen as Lx = 120 , Ly = 6.4 X2K ,ae = a, = 0.25 , s = 0.5 , \i = Xx = %le = %u = 0.2 ,
X,, = X//e ~ Xm = 0-5 ,Ke=l , Hei = 0.2 , Cei = 2 , Fe - 2 and 64 Fourier modes are used .

Figure 1 shows the linear growth rate versus the wavenumber. The maximum growth
rate is given by the longest wavelength mode. The growth rate is negative for the wavenumber
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Fig. 1 The linear growth rate versus
the wavenumber.
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Fig.2 The time evolution of the fluctuating
electrostatic and electromagnetic energy.

&v > 0.42 for these parameters. This is due to the stabilization effect of the parallel thermal
conductivities on the short wavelength mode. On the other hand, the drift term in Ohm's law
which is proportional to Ke destabilizes the short wavelength mode. In this case, the former
effect overcomes the latter effect. Comparing it with the previous model[2], it is found that

A A

the induction term -^j - enhances the linear growth rate and makes the maximum growth rate

shift to the long wavelength mode.
Figure 2 shows the time evolution of the fluctuating electrostatic energy Ev^ (the

thick line) and electromagnetic one EV±A (the dotted line), respectively. In the early phase (
t < 45 ), these evolve according to the linear growth rate (y ~ 0.2 ). The inverse cascade takes
place at the time t ~ 60 - 70 and the transit dip is observed in these cases. The oscillation of
the fluctuating energy occurs in the saturation phase, and does not dump away and continues
to oscillate. It should be noted that in the previous model, the transit dip was observed but the
oscillation relaxed and saturated state was realized. The fluctuation amplitudes are almost
same for E?^ and £VXA • However, in the nonlinear phased > 45 ), the retarded response of
magnetic energy EVlA is observed.

Figure 3 shows the time evolution of the fluctuating electron pressure energy EPe (the
thick line) and ion pressure one Ep. (the dotted line), respectively. The both energies have
the peak values at the same time except t= 110 where only the fluctuating ion pressure
energy has a peak value. The time averaged electron pressure energy is estimated and presented
in terms of the mean and standard deviation: mean ~ 36.85 , standard deviation ~ 47.90 . Due
to the large standard deviation associated with the oscillatory behavior, a clear conclusion is
not drawn out for the nonlinear saturation level. However, the mean value of the saturation
level is found to be about 10 times larger than that in the electrostatic case.

Figure 4 shows the power spectrum of fluctuating electron and ion pressure energy in
the oscillatory phase. The black circle represents the power spectrum of the fluctuating
electron pressure energy at t - 70 (which corresponds to the minimum value of the fluctuating
electron pressure energy in Fig.3) and the black square represents that at t = 80 (which
corresponds to the maximum value). Similarly, the circle shows the power spectrum of the
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Fig.3 The time evolution of the fluctuating
electron and ion pressure energy.
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Fig.4 The power spectrum of the fluctuating
electron and ion pressure energy.

fluctuating ion pressure energy at t = 70 and the square shows that at t = 80 . It is found that
the power spectrum of the fluctuating electron pressure energy of the longest wavelength
mode changes it's value about one order. On the other hand the corresponding power spectrum
of ion's changes about a factor in these time intervals. This difference reflects the absolute
value of oscillation amplitude seen in Fig.3. The behavior of the modes in the middle range

dAwavenumber (ky ~ 0.5 ) seems to be similar for both cases. In the presence of -gy term, the

long wavelength region has a maximum linear growth rate as in shown in Fig. 1. In addition to
it, the inverse cascade more effectively takes place in the long wavelength region, and overcomes
the normal cascade due to the nonlinearities. Therefore if there is no sink in the long wavelength
region, the saturation level could be determined by the system size of the y-direction. The
detailed analysis of the power spectrum shows that the different temporal evolutions of the
low-ky part and of the high-ky part of the fluctuating energy. We found that the oscillatory
period of the energy level in the low-ky part is doubled compared to that in high-ky part[5].

Figure 5 shows the contour plot of electron and ion pressures at t - 100 in x-y space.
In our normalization the total pressure is calculated by the equation
PeAx>y) = -(x~LJZ) + pe,i(x,y) where - LJ2 <x< LJ2 and 0 <y < Ly . The x = 0 surface
corresponds to the mode rational surface. The convective flow pattern is observed at the
interface. The convective motion itself is different from each other in electron and ion pressure.
It is found that the electrostatic components of electron and ion heat flux are comparable in
these parameters and the convection is dominated by the E x B motion.

IV. Summary and Discussion

In this paper, the model equation for the electrostatic current diffusive interchange
mode turbulence is extended for the electromagnetic one. The two dimensional nonlinear
simulation of the electromagnetic current diffusive interchange mode is performed on the

dAextended fluid model. In the linear calculations, we found that the term -37 in Ohm's law

enhances the linear growth rate and the maximum growth rate is shifted to the long wavelength
mode. In the nonlinear simulation, the transition between linear and nonlinear instability is
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Fig.5 The electron and ion pressure contours at t=I00.
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observed at the early phase of the energy development. In full nonlinear stage, the relaxation
oscillation of the fluctuating energy is observed. The period and the amplitude of the oscillation
are governed by the longest wavelength mode. The strong inverse cascade is observed which
overcomes the normal cascade due to the electromagnetic nonlinearity. The energy transfer
dominantly occurs in the long wavelength region in the spectrum rather than in the short
wavelength region.

Higher saturation level is observed in the electromagnetic simulation. However, it is
not clearly identified whether the electromagnetic nonlinearity is the cause of the higher
saturation level. This is partly because the effect of induction induces the global eigenfunction
in the long wavelength region, which has the maximum growth rate. The energy tends to
concentrate to the long wavelength region. As the result, the saturation level is strongly
affected by the system size of the y-direction. The time evolutions of the fluctuating electrostatic
and electromagnetic energies are compared. The amplitudes of these energies are almost the
same. However the retarded response of the electromagnetic energy to the electrostatic energy
is observed. This retarded response is also observed in the heat flux[5]. The electromagnetic
component of the heat flux follows to the electrostatic one. The time evolution of fluctuating
electron and ion pressure energies is also compared. The peak time of the fluctuating energy
agrees with each other (except the peak at t - 110 , where only the fluctuating ion energy has
a peak). The temporal oscillation amplitude of the electron pressure energy is larger than that
of ions. The power spectrum of the fluctuating electron pressure energy of the longest wavelength
mode changes it's value about one order. On the other hand the corresponding power spectrum
of ions changes about a factor in one period of the oscillations. The pressure contour is
investigated. It is found that the convective size is similar for electrons and ions, although the
motion is different. For the future work, we should analyze whether the coupling to the sound
wave creates the sink in the long wavelength region. If it is not so, an inclusion of the global
effect or the global simulation may be necessary.
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