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Introduction A magnetic field which is doubly periodic and also generally sheared
leads to the so called field line connection. This property is the reason why the
parallel wavenumber kk cannot vanish for finite sized fluctuations (finite k⊥ ), since
kk = (m0 − nq)/ ± m′ /qR [1], where q is the magnetic field pitch parameter, and
R is the plasma major radius. On the other hand, in the scrape-off layer (SOL),
the field lines end on plates, which breaks the field line connection constraints. This
allows the convective cell modes – finite k⊥ but zero kk – to exist. We are used
to two dimensional turbulence computations in the SOL [2], and three dimensional
toroidal computations using closed magnetic surface geometry. The three dimensional
simulation of the SOL region is starting to be addressed [3,4,5]. In this paper we study
turbulence on closed and open flux surfaces in a comparative manner using the three
dimensional electromagnetic gyrofluid turbulence code GEM3 [6]. The results show
their distinctions and stress the importance of the field line connection for drift wave
turbulence, and the implications to be expected for SOL vs. edge turbulence in the
experiment.
The model The normalised equations for the two moment gyrofluid model GEM3
(similar to fluid) used in this work are (details and energetics in Ref.6), for the electrons
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+ vE · ∇ ñe = −B∇k + K(φ̃ − ñe )
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where C = (0.51νe L⊥ /cs )(me /Mi )(qR/L⊥ )2 is the drift wave collisionality parameter,
L⊥ is the profile gradient scale, τi = Ti /Te , and vE is the ExB velocity, and uE is the
same but with the gyroaveraged electrsotatic potential φ̃G = Γ1 φ̃ [6]. The curvature
operator is represented by the terms K = −∇ · (c/B 2 B × ∇); this and other details of
the flux tube geometry can be found in reference [1].
Concerning the parallel boundary conditions, global consistency must be ensured
in the closed field lines region so that f (θ +2π, ξ −2πq) = f (θ, ξ) where θ and ζ are the
geometrical poloidal and toroidal angles, respectively, and ξ = ζ − qθ is a transformed
coordinate such that (θ, ξ) form a field aligned coordinate system [7]. In the SOL
region, since the field lines end on the divertor plates, this pseudo-periodicity condition
no longer needs to be fulfilled. Based on Debye sheath physics, we use a standard model
to specify, at the referred locations, the flux variables of GEM
 as functions ofthe
=
state variables, namely ũk θ=±π = ±ΓD (p̃e ) and ṽk θ=±π = ± ũk θ=±π − J˜k
θ=±π
i

h
± ũk θ=±π − ΓD φ̃ − ΛT˜e , that is, the ion and electron parallel velocities, with
the magnetic potential Ãk determined via Ampere’s law. In the previous expressions,
p
it should be noted that Λ = log Mi /2πme ≈ 3 and ΓD = 2πL⊥ /Lk ≪ 1. Note
also that p̃e = ñe (normalised) is used instead of T̃e as a working model, since the
two moment model of GEM3 does not include the temperatures. The state variables,
namely the electron density ñe , the ion density ñi , the electrostatic potential φ̃ and
the ion gyroaveraged electrostatic potential φ̃G , are obtained using Neumann boundary
conditions.

Results For the closed field lines region, the three dimensional structure of the state
variables show a clear indication of the field line connection, when compared to the
open field lines case. In the former case, structures with finite ky lose their identity
along the field line before one field line connection is completed (kk 6= 0). In the
later case, convective cells, structures with finite perpendicular wavelengths that exist
across the whole parallel domain and extend beyond that, clear exist kk = 0.
Since φ̃ is controlled indirectly by the resistivity C J˜k through the energy transfer
term J˜k ∇k φ̃ [6] and in closed field lines kk qR = O(1), the dissipation through the
parallel dynamics is much higher in this region than in the SOL. Here, the field lines
are opened, allowing ∇k to vaninsh. Futher, ΓD provides a direct damping mechanism
2
2
on φ̃ of the order of ΓD /k⊥
, but at much smaller levels than (kk qR)2 C −1 /k⊥
, since ΓD is
−1
roughly one to two orders of magnitude smaller than C . Hence, it is only effective for
the larger perpendicular wavelenghts. Figure 1 describes the source and sink spectra,
showing, the ExB gradient drive, magnetic flutter drive and the dissipation averaged
over time, radial and parallel direction [6]. Plots (a) and (b) show the closed field
lines and SOL cases, respectively. In the SOL, then, the reduced dissipation leads to
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stronger drive, and at lower ky . In order to assess the importance of the Debye sheath
losses on the turbulence, an alternative “zero loss” model was also used, setting the
Debye fluxes to zero by setting ΓD = 0 in the sheath model. With the direct damping
on φ̃ removed the low ky modes can now grow uninhibited, due to the inverse ExB
energy cascade, as is clearly seen in plot (c) of the same figure. That leads to the low
ky mode domination characteristic of interchange turbulence. The constraints imposed
to the amplitudes of φ̃ therefore relax as the parallel dissipation is decreased. This
is also seen in the next diagnostic (figure 2), which plots the parallel structure of the
amplitudes of the φ̃, ñe and h̃e = φ̃ − ñe . The uninhibited growth of φ̃ ≫ ñe in the
zero loss case is clear. In closed field lines, the controlling mechanism for φ̃ keeps it at
a value closer to ñe Figure 3 shows the phase shift (α) distribution of ñe ahead of φ̃.
For closed field lines, 0 < α < π/2, which is typical of drift wave type turbulence. The
part of the spectra with the larger values of α are due to the collisionality. For the
zero loss case, α is closer to π/2 and the SOL case stays in between. It is noteworthy
that, with the Debye losses, the phase shifts at low ky are lower, the reason being that
is where the dissipation through ΓD is most effective.
Outline These results show the impact of parallel dynamics and field line connection
on the turbulence. The transition between closed and open field lines revealed the
fundamental difference between the edge and the SOL regions of the plasma. The fact
that convective cells are allowed outside the last closed flux surface, and not inside,
changes the turbulence in the SOL to an interchange type. The transport is also
affected as a consequence of the decreased parallel dissipation on φ̃ which happens
when kk qR ≪ 1. These signatures should be observable in experiment.
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Figure 1: Transport spectra showing the magnetic flutter drive (’v’ – blue), the ExB gradient
drive (’n’ – red) and dissipation (’c’ – green) for the (a) closed field lines case, (b) Debye sheath
model and (c) zero flux model. Note that in all figures presented, we use the coordinates y
and s correspond to a rescalling of the previous mentioned coordinates ξ and θ, respectively
[1].

Figure 2: Envelopes of the squared amplitudes of φ̃ (’p’ –blue), ñe (’n’ – red) and h̃e = φ̃− ñe
(’H’ – green), as functions of the parallel coordinate, with (a), (b) and (c) as in figure 1.

Figure 3: Phase distributions of ñe ahead of φ̃ at each ky . (a), (b) and (c) like before

