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Abstract. Experimental measurements of fluctuation levels on typical fusion devices reveal that magnetic per-

turbations are typically much smaller than electrostatic perturbations. However, as even small magnetic fluctuations

(∼ 10−4) can locally modify the topology of the magnetic surfaces, they play an important role with respect to the

transport properties of the plasma. Here, we show results from numerical simulations of resistive ballooning turbu-

lence in toroidal geometry. These simulations have been performed with EMEDGE3D, a three dimensional global

code which calculates the evolution of the pressure and the electrostatic potential at the plasma edge and also in-

cludes self-consistent electromagnetic fluctuations. The competitive mechanisms (e.g. Reynolds stress, Maxwell

stress) which are responsible for the flow generation in turbulent plasmas are investigated and the scaling laws for

the turbulent transport are determined in terms of the value of plasmaβ which also determines the strength of the

magnetic fluctuations.

In hot magnetized plasmas, the cross-field transport is dominated by the presence of instabili-

ties which give rise to both, electrostatic and magnetic fluctuations. Experimental measurements

of fluctuation levels on typical fusion devices reveal that magnetic perturbations are typically

much smaller than electrostatic perturbations. However, as even small magnetic fluctuations

(∼ 10−4) can locally modify the topology of the magnetic surfaces, they play an important role

with respect to the transport properties of the plasma.

Electromagnetic plasma edge turbulence is simulated here using a resistive ballooning model.

The latter is based on fluid equations for the normalized electrostatic potentialφ , electromag-

netic fluxψ and pressurep [3].

∂t∇2
⊥φ +

{

φ ,∇2
⊥φ

}

= −
1

αN
∇‖∇2

⊥ψ −Gp+ν∇4
⊥φ , (1)

∂t p+{φ , p} = δcGφ + χ‖∇2
‖p+ χ⊥∇2

⊥p+S, (2)

∂tψ = −∇‖φ +
1

αN
∇2
⊥ψ. (3)

Equation (1) corresponds to the normalized charge balance, Eq. (2) is the normalized energy
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balance and Eq. (3) corresponds to the Ohm’s Law.∇⊥ and ∇‖ respectively correspond to the

parallel and perpendicular gradients along field lines.G is the curvature operator,ν represents

the viscosity,χ‖ and χ⊥ are the parallel and perpendicular thermal diffusivities respectively.

Time is normalized by the resistive interchange timeτint =
√

R0Lp/2/cS, wherecS is the sound

speed,R0 is the major radius andLp is the pressure gradient length. The perpendicular and par-

allel length scales are the resistive ballooning lengthξbal =
√

ρη‖/τintLs/B0 and the magnetic

shear lengthLs, respectively. Here,ρ is the mass density andη‖ the parallel resistivity.q(r)

stands for the safety factor which measures the magnetic field line pitch.αN is expressed by

α = q2αN whereα is the normalized pressure gradient typically used to express the stability

limit for ideal ballooning modes,α ≃ 1 [1]. αN is also related to theβ parameter (the ratio

of kinetic pressure to the magnetic pressure) throughαN = βL2
s/(R0Lp). The parameterδc is

defined byδc = 2ΓLp/R0, Γ is the heat capacity ratio (Γ = 5/3). The last term of the r.h.s. of

Eq. (2),S(r) represents a constant energy source.
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Figure 1:Evolution of confinement time (left), mean

electrostatic potential (middle) and electromagnetic fluc-

tuations (right) in time for different value ofαN.

Magnetic flux surfaces are modeled by a

set of concentric circular torii, where the co-

ordinates(r,θ ,ϕ) correspond to the minor

radius, the poloidal and toroidal angles re-

spectively. The Poisson bracket is{ f ,g} =

r−1(∂r f ∂θ g− ∂rg∂θ f ), the curvature opera-

tor is G = sinθ∂r +cosθ r−1∂θ , and the gra-

dient along the field lines is given by∇‖ =

R−1(∂ϕ − 1/q∂θ )− 1/B0{ψ, .}. Assuming a

monotonically increasing safety factorq(r),

the simulations cover a domain betweenq= 2

andq= 3 in the vicinity of a reference surface

r0 at the edge. The values for the parameters used here arer0/ξbal = 500,R0/Ls = 1,δc = 0.04

andν = χ⊥ = 2. In these simulations, the parallel diffusivity is set to 0.

Fig. 1 shows the time evolution of the edge confinement timeτconf, the energy associated

with the mean electrostatic potentialEφ̄ as well as the enery associated with electromagnetic

fluctuationsEψ̃ for different values of theαN parameter, ranging fromαN = 0.01 toαN = 0.3.

Here, the edge confinement time is defined as

τconf =
1

Γtot

∫

V
p(r,θ ,ϕ, t)dV ,

whereΓtot =
∫

V S(r)dV is the constant energy flux coming from the plasma core andV is the
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simulated volume at the plasma edge. The energiesEφ̄ andEψ̃ are defined by

Eφ̄ (t) =

√

∫

R

∣

∣φ̄(r, t)
∣

∣

2
dr Eψ̃(t) =

√

∫

V
|ψ̃(r,θ ,ϕ, t)|2dV (4)

A strong impact of theαN parameter on the confinement time is observed. In a statistically

stationary state, the level ofτcon f is lower by nearly 40% in the case of the highest value ofαN

compared to the one with the lowest value ofαN. The level of magnetic fluctuations is found to

increase with increasingαN (Fig. 1, right column). However, as the parallel diffusivity is set to

zero in these simulations (χ‖ = 0), the magnetic perturbations do not contribute to the evolution

of the pressure [i.e.ΓδB = 0 in Eq. (6) presented below] and therefore the decrease ofτconf with

αN can not be attributed directly to the increase of the magnetic fluctuations and a different

mechanism has to be invoked. We therefore study the energy associated with the mean electric

potential,Eφ̄ , which is linked via the ExB drift to a mean poloidal rotation of the plasma. As can

be seen from Fig. 1, middle column, the level ofEφ̄ in the stationary state is decreasing withαN

and therefore the mean plasma rotation is decreasing. As this rotation typically has a stabilizing

effect on the turbulence via a shearing of convective cells, the decrease ofEφ̄ is expected to lead

to a higher turbulence level and therefore a lower confinement time.

The competing mechanism for the generation of the mean poloidal rotation can be studied

by averaging poloidaly and toroidaly the equation for the electrostatic potential, Eq. (1). The

corresponding equation of the poloidal flow is :

∂t v̄θ = −∂r (TR+TM +TV)−〈Gp〉θϕ , (5)

where the notation<>θφ stands for the average in the poloidal and toroidal directions; ¯vθ =

〈vθ 〉θϕ is the flow profile and ˜vr,θ = vr,θ − v̄r,θ is the fluctuating part of the radial (respectively

poloidal) velocity,ψ̃ is the fluctuating part of the magnetic flux. The Reynolds stressTR =

〈ṽθ ṽr〉θϕ and the Maxwell tensorTM = 〈∂θ ψ̃∂rψ̃〉θϕ are represented by the first two terms of

Eq. (5),Tv, corresponds to the viscosity effects.

Following the equation for the pressure profile,

∂ p̄ = −∂r (ΓConv+ΓColl +ΓδB)+δc 〈Gφ〉θϕ +S, (6)

the total energy flux is decomposed into three components : the convective fluxΓconv= 〈p̃ṽr〉θϕ ,

the collisional dampingΓcoll = −χ⊥∂r p̃ and the flux due to the parallel diffusivityΓδB =

−χ‖

〈

∂θ ψ̃∇‖p
〉

θϕ .
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To compare the relative importance of the stressesTR and TM in the transport dynamics, we

study the time average of the norm of each of these tensors, defined by

< F2 >t=

√

<

∫

R
|F(r, t)|2dr >t , (7)
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Figure 2:Averaged value, respectly to Eq. 7, for tur-

bulent flux (a), Reynolds stress (b) and Maxwell tensor

(c). Ratio between Reynolds stress and Maxwell tensor

for different values of theαN parameter (d).

The results are plotted in Fig. 2. Both,

Maxwell tensor and Reynolds stress are found

to increase withαN. However, the ratio be-

tween< T2
M >t and< T2

R >t decreases with

αN such that for low values ofαN, the

Reynolds stress is dominant, and forαN ≥

0.1, Reynolds and Maxwell stresses have sim-

ilar amplitudes. As the Reynolds stress is

known to drive the poloidal flow [Eq. 5], we

conclude that the decrease of the poloidal

flow energy with increasingαN is linked to a

competition between Reynolds and Maxwell

stresses.

In conclusion, turbulence simulations of a

tokamak edge plasma have been realized focusing on the impact of electromagnetic fluctuations

on transport and confinement time. The role of theαN parameter has been analyzed by a study

of the different stresses present in the equation for the poloidal plasma flow. A modification of

the relative importance of Reynolds stress and Maxwell tensor depending on the value ofαN

has been observed, leading to a decrease of the confinement time with increasingαN.
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