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Abstract. We complete the 2D 2-fields turbulence model previously used with an interchange-
like instability by slightly modifying the parallel loss terms to drive drift wave instabilities. We
show that the instability driven by temperature fluctuations of the sheath losses is identical to
that of the drift wave turbulence. The linear analysis is performed and used to select control
parameters that yield identical maximum growth rates for the interchange alone and drift wave
alone instability. Combining the two instabilities doubles the maximum growth rate. The non-
linear simulations are used to analyse the SOL width. The simulations allow one to identify a
low field side SOL region where interchange and drift wave are unstable and a high field side
SOL region where only the drift wave is unstable. The SOL profiles appear exponential in the
region close to the source but depart from a simple exponential fall-off in the far SOL. The
low field side SOL width is found to be larger in the interchange alone case, slightly smaller
when both instabilities are present and finally narrower when only the drift waves. For the high
field side SOL, without interchange, the drift wave SOL width is observed to be identical to
that on the low field side and larger than that when both instabilities at play. The Sherwood
dimensionless parameter, ratio of convective particle flux divided by the diffusive particle flux,
is used to compare the efficiency of turbulent transport. The profiles of the Sherwood parameter
for time and flux surface averaged transport indicate that turbulent transport is dominant close
to the separatrix but is less effective towards the far SOL. The Sherwood parameter evolution,
determined with the flux-surface averaged transport, indicates that outward avalanche transport
with corrugations governs the case with interchange only. When combining the two instabilities,
outward avalanche transport is less pronounced and inward avalanche transport is observed,
reducing the overall turbulent transport efficiency. The avalanche transport with drift waves
only compared to interchange only is found to be inhibited.

1. Introduction

The problem of turbulent transport and its control remains a key issue for the performance of
fusion devices. In the core it is detrimental and reduces the confinement [1] while in the SOL it is
beneficial by increasing the width of this boundary layer, thereby spreading the heat load on the
plasma facing components [2]. Given this importance, a dedicated effort is organised to address
this problem. On the one hand sophisticated gyrokinetic codes [3, 4] have been developed to
address core transport and a comparable effort is dedicated to the edge and Scrape-Off Layer
turbulence [5, 6], mostly using fluid models. Besides such first principle models, reduced models
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[7, 8, 9] are also contemplated to have fast access to simulations of experiments and forecast
experimental scenarios. We propose here an intermediate model providing first principle analysis
of turbulent transport but reduced to the simplest 2D, 2 fields model [10, 11] that make such
a model very attractive to generate large data bases with scans of control parameters [12].
Such a model is flux driven and characterised by avalanche transport [10, 13], also reported as
"blob” transport [14]. Similar transport behaviour has been observed for heat in the gyrokinetic
framework [15]. This model has also allowed us to recover staircase confinement [16], first
analysed in the gyrokinetic framework [17]. Our claim in such an approach is that physics
problems such as turbulent transport must be robust so that a strongly simplified fluid code
should capture qualitatively the behaviour of the system, provided the problem at hand is not
specifically governed by kinetic properties, such as the problem of the sheath physics [18, 19].
The model that is used is known as the TOKAM2D model [20]. It was developed to investigate
interchange like turbulence in the SOL [21, 22]. Recently it has been extended to analyse the
interface transport barrier between the edge plasma with closed field lines and the SOL with
sheath boundary conditions [23], considering the interchange instability mechanism and zonal
flow generation [24]. The model evolves a transported field, typically the density at constant
thermal energy, set out of thermodynamic equilibrium either by a prescribed gradient -as used
to investigate linear stability or gradient driven turbulence- or by a radially localised source
such that the mean flux is imposed and the field gradient an output of turbulent transport. The
latter regime has been named flux driven. We show in this paper that the transported field can
be the thermal energy, assuming the density to be constant. The charge balance equation for
a quasi-neutral plasma yields the vorticity equation, which depends on the electric potential,
the second field addressed in the model. The coupling between the two equations is crucial to
generate an instability and characterises the mechanism that governs the instability. The aim
of the present work is to complete the TOKAM2D framework by incorporating the drift wave
instability considering the seminal Hasegawa-Wakatani model [25]. We revisit the derivation of
the model to highlight the changes made in the TOKAM2D model to incorporate the parallel
loss term that drive the drift wave instability, Section 2. We show in particular that accounting
for temperature fluctuations in the parallel sheath loss term, as published in [26], yields an
instability drive that is identical to that of the drift wave model, see section 2.2. The linear
dispersion relation is then investigated and control parameter values are chosen such that the
interchange instability alone or the drift wave instability alone exhibit the same growth rate
Section 3. The non-linear simulations with the selected control parameters are presented in
Section 4. Finally, Section 5 closes the paper.

2. Plasma turbulence model

2.1. Transverse transport model

Two linear turbulence mechanisms have been used to investigate plasma turbulence with a
minimum transport model. The linear drive is either that of drift wave turbulence as investigated
in the seminal paper [25], or interchange-like [20]. These models couple two fields and use fluid
equations restricting the phase space dimension to the directions transverse to the magnetic
field, typically r a radial and ¢ an angle coordinate. Parallel transport in taken into account by
loss terms that are simplified to only depend on the chosen fields. The transport model then
takes the form of a conservation equation for either the density n or the scalar pressure p = nT
proportional to the internal energy density, or combining these equations a transport equation
for the thermal energy T. We address here the transport model in the cold ion limit so that
the thermal energy T is that of the electrons. The second field of these models is the vorticity
w and its evolution equation is given by the charge balance equation. The drift expansion is
used to determine the transverse transport, at lowest order the electric v and diamagnetic

v« drift velocities, and at higher order the ion polarisation velocity. In the cold ion limit, the
vorticity W, is determined by the electric potential ¢, W = VZL(p. In this limit the transverse

transport model for plasma turbulence is akin to the Rayleigh-B’enard 2D turbulence model [27]
for neutral fluids, as underlined in Ref.[11, 28]. Transverse transport is then the competition
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between convection and diffusion. Above a threshold in the departure from thermodynamic
equilibrium, a bifurcation takes place from purely diffusive transport to convection dominated

transport. Let f be the field that is transported, and Q| and Q, the parallel and transverse
flux of f. For the transverse flux one then has:

Q, =fvg. — D V. .f (1a)

where ¢ 1 and Dg 1 are the transverse convective velocity and diffusion coefficient respectively.
The evolution of f is then determined by the divergence of the fluxes Q, and Q) together
with local evolution properties such as a localised source term that governs the departure from

equilibrium. We shall assume that the diffusion coefficients Dy . are constant so that:
VL'QJ_=VL' fo,L _DLLVZJ (1b)

The electric and diamagnetic drift velocities are prop ortiona | to B x Vg. Neglecting the terms

depending on V x B, one then finds that V .- ﬁv_ﬁL =B- Vg =<V (hf) =B g, hf therefore
proportional to the Poisson bracket of g and hf. At lowest order in the drift expansion, one
obtains the evolution equation for the electron density n:
h i h
n
on+B @, B2 +

i

B
—DJ_Vin=Sn—VHr|é (2a)

e

1
Bzi pe

The charge balance equation, computing the divergence of the transverse current including
the ion polarisation current and enforcing the Boussinesq approximation yields the vorticity
equation.

h i h i

1 B 1 1
QW+ QW+ ope —v VAW ="V J| (2b)

n
Itis possible to replace the transport equation for the density, taken at constant electron temper-
ature T, by the transport equation for the electron thermal energy T. at constant density. The
parallel loss term is then typically the parallel divergence of the electron energy flux including
parallel heat diffusion a contribution of the parallel convection of thermal energy.

Without changing notation, one the density n, magnetic field B, length scale L, time t, electric
potential ¢ by no, Bo, Lo, To, Te/e respectively. Given the sound velocity ¢, = T./m;, and
setting o = 1/Qo = m;/eBo the inverse ion cyclotron frequency, one defines the normalisation
length scale Lo = po = co/Qo, po, hence the reference ion Larmor radius. One then finds that
the diffusion process is normalised by the so-called Bohm diffusion Dg = T./(eBo) = p3Qo.

h i h 1 i 1
onm+ on - n~—.-D V2n=S_ __
mEon - 52" ST e, Vir| (32)
oW+ oW + 11 n vuVa W = _PO iv g (3b)
n B? Qopon I

This set of equations, coupling the density or the thermal energy to the vorticity, describes 2D
plasma turbulence.

2.2. Parallel loss term

Two kinds of parallel loss terms can be addressed: that governed by parallel transport or that
governed by the sheath boundary conditions as in the Scrape-off Layer of magnetic fusion devices.
Let us first address the sheath parallel losses. The boundary conditions come into play when
averaging the equations in the parallel direction assuming that all fields in Eq.( 3a) and Eq.( 3b)
are constant along a field line, the so-called flute approximation. The parallel loss term is then
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determined by the divergence of an outflux of the form V”QH. The parallel average of the latter
yields:

T S

1 1
ds V| Ql= — dso.Q =7 A (s=L))-Qs=0) (4a)
Ly o Ly

Lo
We further assume that s = O corresponds to the stagnation point such that Q|(s = 0) = 0 and
that the flux leaving the SOL is determined by the sheath conditions, Q|(s = L|) = Qﬁhe‘"” so
that:

|
L5 s V,Q = iczﬂ”e"”’ (4b)
L o Ly

Using the Mach = 1 Bohm boundary condition, grounded wall potential, the electron particle
flux to the wall can be determined by the values of the fields at the sheath entrance. This
expression depends on the parameter @, that accounts for the difference of mobility between
electrons and ions addressed in a kinetic framework. A strongly simplified description yields
O = 1j_og(m,/me) therefore a constant depending on the mass ratio, m; and m. being the
ion and electron mass. For the evolution of the density field Eq.( 3a), the loss term is then
determined by:

rsefﬁeath — ncsecbsfeq)/Te (53)

Linearising this expression for small density A and electric potential <p~fluctuations, and given
ep = O,T,, one obtains:

rsheath = Arés 1+

SIS

_te (5b)
Te

The ion particle outflux at the sheath is ncs so that the linearised ion flux is ¢; 1+a//F . The
linearised parallel current loss to the wall is then:

ep

jSH”e"‘h =en Cs — (5¢)
Te
One then finds the linear expressions depending on n and ¢ for the parallel outflux that appear
in Eq.( 3):
n e
rsheath _ = _ 6a
el % T (6a)
e
Fpeh = engeo = (6b)
To

When addressing the thermal energy transport at constant density and fluctuating thermal
energy T ¢, the linearised parallel current and relevant energy flux cg’ff“"h to the wall depend on

Teand e<p~/Te:

ep T,
jsHheath =enc s %_ 0} 5?79 (73)
e e
_ Te ep T,
h h _ — = _'_e il €
g =V, nesTe 1+ 32;6_ Te i 57: el
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One can determine y, given the sheath energy transmission factor, typically y, =§2<Ds+ 1§ The

parallel fluxes for the coupled transport equations are then:

. () Te
sheath — op -0 8a
vl 6o T, STo (8a)
ep T,
grett=ypedo - ot O o+ 35—;’_ (8b)
o] [o]

Normalising these loss terms and replacing n/no ot T./To by f to obtain a general expression
we find therefore:
I

L
1 JOL
- ds Vj | = 0o - Oof (9b)
L o

ds V| Q= —osf + orep (9a)

The o terms are diagonal while the 6 are non-diagonal coupling terms. When addressing the

case of density transport f = n with T. constant, the coefficients are:
Po
f ; Of = ; Op = ; Op =0 (10a)

Ly Ly Ly

while for the case of thermal energy transport f = T. with constant density, the coefficients are:

=2 0 _ _Bo oo . _ =By

f L s+32 ; of L ’ » = L ;. Op L s (10b)
These results hold in the SOL provided the parallel variations are small which allows using the
flute approximation and enforces that the parallel losses are governed by the sheath conditions.
In the edge plasma or in the high recycling or detached SOL regime this formulation of the
parallel loss terms must be modified to account for parallel transport. A crude model can
be addressed including collisional friction in the electron momentum balance equation. For
adiabatic electrons in the electrostatic regime, the balance equation is then:

V|pe + mevnue | = enVgp (11a)

The friction term is proportional to the collision frequency v and drives the collisional relaxation
of the difference between mean electron parallel velocity ue|| and mean ion parallel velocity u;|
in the limit uj; — 0. We therefore neglect the ion response both to determine both the parallel
electron flux and current. In this expression v stands for the electron-ion collision frequency for
ions of charge Z and density n.
\/
— 2 hv.
v= 45 2rtLogN\ Ze?/(4re) Tﬂ;e (11b)
e

Neglecting collisions in the limit v -0 and for constant electron thermal energy T. then leads
to the density dependence used to obtain Eq.( 5a). For v > 0 the momentum balance equation
yields the parallel electron flux driven by the parallel thermodynamic forces.

1
Fe|| = Nue| = - VP, — enVip (11c)
mev
Stepping to Fourier space in the parallel direction to determine the divergence of the parallel
electron flux, one obtains after linearising the term nV @ = noV p:
k2

~Vr e~ ik = - Pae, —enod g (12a)
mev
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From this expression one can step directly to the divergence of the electron current:

k*e
Viemikf == " p" a-enod (12b)
mev
When normalised these expressions lead to:
~Vr=-C n-p ~ (13a)
Vijjx-C fi-¢p (13b)
r
m; 2 Polcon
C= k| L — 13c
me KN TR (139
For this calculation we have defined Loy = co/Vv. X T2/(NVire). Furthermore, we have

replaced the Fourier modes by the normalised fluctuations of the electric potential (,o~ and

density 7. The fluctuations, typically fN, are such that k| /= 0, else C = 0, and will be
approximated by}r = f-§ ) The average performed in the parallel direction is akin to a
flux surface average that removes the parallel divergence contribution. Compared to the sheath
conduc{c}vity parameters o = po/L|, either Eq.( 10a) or Eq.( 10b), one finds that typically
C/o =~ mi/me (kHL”)ZLco,/L”. Whenever C 1 the transport tends to enforce the standard
electron adiabatic transport conditions. In the SOL, the sheath boundary conditions then
govern the electron parallel losses. Conversely, when C o, the parallel losses imposed by
the parallel transport are small and dwarfed by the sheath losses. The regime of interest
is such that C/o . 1. One must then have = my/me (kL))*> - (L/Lcon) and therefore
kL - (me/m)**(L/Lcon)*’?. Only the large wavelength fluctuations can exhibit non
adiabatic electron transport and generate parallel transport losses that can compete with the
sheath losses. Conversely, the flute approximation and sheath dominated losses in the SOL will
hold provided the collisionality is small enough so that Lcon/L| & (me/m;)V2.

2.3. Model equations for plasma turbulence
Having defined a generic form for the parallel loss terms, we now address the balance equations
combining transverse and parallel transport. We first address the density, in Eq.( 3), simplifying
the notation for the normalised quantities.

h i h 1 i

on+ @,n —-B ”'_Bz_D Vin=5, - O np_gn?® (14a)
For the particular case of the problem we address in this paper, the contributions that account
for the variation of B are small and do not change qualitatively the behaviour of the system.
One can then set B =1 in Eq.( 14a) to obtain a simplified evolution equation for the density.
h i
o+ @,n -D.V?n=5,- 0,n-0np (14b)

In this expression, the transverse transport of the electron density n is not addressed in the
adiabatic framework. Should one enforce that n is a functign of the electric potential ¢, then

the cross-field convection described by the Poisson bracket ¢, n vanishes altogether, removing

both turbulent transport and coupling to the vorticity equation. However, when addressing
the parallel transport, the adiabatic electron response has been used, namely the electrons are
assumed in mechanical equilibrium on the time scale of the ion transport so that the time
derivative of the electron momentum is set to zero. It is to be underlined that although the
electron parallel transport is addressed in the adiabatic framework, it does not enforce that
the electrons are Boltzmannian and the electron density a function of the electric potential.
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The latter regime is only achieved when the electron parallel current is set to be null. Since the
parallel transport is taken into account by the reaction terms on the right hand side of Eq.( 14b),
— 0nn+0,¢, the problem that is addressed is 2D in a plane transverse to the magnetic field, with
a radial coordinate and a poloidal angle that labels the field lines. For simplicity, we assume a
slab geometry and define the normalised coordinates x = r/po and y = aU9/po. The evolution
equation Eq.( 14b) exhibits a single non-linear term, the divergence of the transverse particle
flux written as the Poisson bracket ¢, n. To address this term in the linear analysis, we split
the density n into a mean i and fluctuating i contributions. The mean is defined as the average
on both time and poloidal angle, it therefore only depends on the radial coordinate x. With this
separation, the Poisson bracket is the sum of three contributions. The non linear contribution
in terms of the fluctuations <p~, n , and two linearised terms with respect to the fluctuations,

cpNT_n =_dy<5 w1 and @, A = g 9d,A. The former linear contribution is of particular
importance since it couples the density evolution to the electric potential evolution whatever
the right hand side reaction terms. To highlight this term, and replace the source term S in
gradient driven regimes, we add the term dyq; n/L, with control parameter 1/L, ==V .n/n.

One then obtains: .
h i

n
dr”*'zd}l"" ®,n —DVZLn=S

n

n —O"n+g”¢ (14c)

With the control parameters 1/L, and S, one can switch from a flux driven mode with 1/L, — 0
and a radially localised particle source S, to a gradient driven mode with S,, = 0 and a finite
prescribed value for L,. We now address the transport of vorticity W = Vf ®.

h i h 1 i

oW+ oW -B n, —

g2 "V Vrw=s, ~—

— o’ n+o%p (15a)
In the chosen slab geometry, and restricting the poloidal region to the equatorial neighbourhood
on the low field side, the term 1/B = R/RB is proportional to R and therefore to x. The Poisson
bracket n, 1/B? is then proportional to d,n and the order of magnitude of the proportionality
factor is po/RO therefore comparable to po/L|. The exact calculation depends on the problem
of interest. One either assumes a toroidally localised region, as done when one determines the
parallel losses using the local transport properties, or one performs an average in the parallel
direction so that the parallel losses are governed by the sheath losses. One introduces the control
parameter g so that B n, 1/B> = gd,n to encompass these various cases with g < po/L|. One
furthermore considers physics without a vorticity source so that Sy = 0. The vorticity equation
can then be written in a generic form, analogous to that addressed for the Rayleigh-B’enard
instability.
h i
oW)+ o W +gdyn—vLV2l(W)=—oan+oq,<p (15b)

The system we address to investigate SOL turbulence is therefore:
1 h i
dtn+_dy(p+ Qo n —DLVZLn=Sn—a n+oQ, (16a)
n -
h i
oW +goyn+ @ W -v.VZW = —0,n+ 0, (16b)

The control parameter g allows one to address interchange-like plasma turbulence, while the
parameter G, is the key control parameter for drift wave turbulence. For SOL conditions
with constant thermal energy, we shall consider the interchange instability assuming o, = 0
and o, = 0. Conversely for drift wave turbulence, we set g = 0 and retain"o, and o,
with 6, = 6, = 0, = 0, = C. For SOL conditions the latter case would be similar to the
model named "temperature gradient instability induced by conducting end walls” by Berk et al.
presented in Ref.[26] provided one replaces n by T. in the present model. One finds therefore
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that the latter instability is in fact a drift wave instability where the parallel losses are governed
by the temperature dependence of the sheath boundary conditions. To investigate the general
case with competing interchange and drift waves linear instabilities we shall consider cases with
g/=0ando, /=0.

3. Dispersion relation

To investigate the linear instability we use the system Eq.( 16) without enforcing particular
values for the o conductivity coefficients. W is the vorticity W = Vl(p. We compute the growth
rate y with the linearised equations in Fourier space for the gradient driven case, hence for
S, =0and 1/L, finite.

ik _
VA + — "+ D kA =-0nh +0nd (17a)
A 2 Op Ty
N . N N
Vo —/kzwﬁ +vik @ =Pt k;h (17b)

The dispersion relation determines the condition to achieve a solution different from the trivial
solution A =0 and (pA = 0, therefore:

y+A, Vv+A, -B,B,=0 (18a)
where:
o

_ %¢
A, = DK? + o, ; A, VR, (18b)

k o,
B =ik 21-o ; B =-ig™ -—*% (18c)

n yLn n @ k2 k2

For the specific case @, = 0 and G, = 0, the coefficients B, and B, are imaginary and therefore
BB, is real. This particular case corresponds to the linear interchange instability. Conversely,
when g = 0 and o, = 0O, By, is real and the product B,B, complex. This property also has an
impact on the phase difference of the eignhemodes.
Bo
N
@ == h (19)
v+A

In the interchange case B, is imaginary and y is real so that there is a phase shift of /2 between
n and @. Conversely, when B, is real y is complex and the phase difference departs from /2.
We now define A:

A=1 A, +A, (20a)

1
2
so that the dispersion relation takes the form:

V+A 2 =ByBy-AnA, + A2 =D (20b)

The coefficient D can be split into a real part D, and an imaginary part D;.

g k2 90
D, =A>+6 ; 6= Y o+ ¢ -AA, (20c)
L, k? k?
_k Sy
b = 9, — (20d)
k L

One can remark that A € R*, A,A, € R*, A-A,A, € R* so that if B,B, € R* an instability
only occurs when BB, = Ap,A,. One thus identifies B,B, as the drive for the instability and
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A, A, and A, as the damping processes. In the general case B,B, € C and y has a real part y-
that determines the growth rate of the instability and an imaginary part y; that determines the
mode frequency. We note a + iB the root of D hence such that & 6% = D, and 2a8 = D,.
One then obtains:

12

a’? =2 D,+ D}+D?

3 (21a)

so that the largest growth rate is:
Vr=—-A+a (21b)

with a chosen positive. One recovers here that the coefficient A characterises damping processes
since fora = 0, y, = —A, therefore negative and leading to an exponentially decaying solution.
An instability will occur if a = A, therefore a? > A2 Inspecting Eq.( 21a) one finds that D? is
a positive contribution to y, and favours the occurrence of an instability. One can also readily
notice that if § > 0, D, > A2 so that a? > A2. One finds therefore that the two first terms in
the definition of & Eq.( 20c), namely (g/Ln)(Ig/z/kz) andG,0,/k? are the driving terms for the
instability. One can then proceed the calculation and obtain:

2

k2 — o)
_y o _ et ) _
@ 90 z-aa 5 (22a)

A sufficient condition for an instability is to verify & > 0. One can then recover standard cases,
that addressed for interchange in the SOL with o, = 0 and 0, = 0 such that the condition for
instability is 6§ > 0 and therefore for that case:
g k
Y > ALA, (22b)
L, k?

Since A,A, 2 0, a threshold for the instability in the departure from thermodynamic equilibrium
is required L, > O since g > O, therefore 1/L, positive. The linear interchange instability also
favours k,  kyx, which maximises the aspect ratio parameter kj/kz. For a drift wave instability
with g =0 and o, = 6, = C one obtains:

2 2 2
<k >A4A%K: AA, - c (23a)
L, K O

The marginal instability condition does not depend on the sign of L,. Should A, and A, not
depend on C, then C only accounts for the destabilising effect with a role analogous to g on the
left hand side of Eq.( 23a) as well as a destabilising role on the right hand side by inhibiting
the damping term A,A,. If one now accounts for o, = 0, = C as done when addressing the
standard drift wave instability, one then obtains A,A, = Dvk* + C(vk? + D) + C?>/k? and
2A = (D + v)k? + C(1 + 1/k?). For g = 0, the marginal linear instability condition is then given
by:

1 (D+Vv)k*+C(k* +1)
>
|Ln] C k,

1/2
Dvk* + C(vk? + D) (23b)

One finds therefore that the drift wave instability exhibits a threshold in density gradient and
that unlike that for interchange, it does not depend on the sign of the gradient. In that respect
interchange can only be unstable in the Low Field side SOL generating a ballooned transport
similar to that evidenced experimentally [29, 30, 31, 32]. Conversely, the drift wave turbulence
is unstable in both the low and high field side SOL. In Eq.( 23b) one finds that at small C the
threshold condition is proportional to 1/C while at large C the asymptotic dependence is C2.
When scanning C, the threshold condition goes through a minimum, which indicates that for a
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Figure 1: Left hand side, instability growth rate yvpw: (kx k,) with mixed Drift Wave +
Interchange conditions, g = 1.5 10~% and C = 6.0 10~° versus the wave numbers k, and
ky. The steps in kx and ky, kixmin and ky min, are mpx with 1/px = 256. The black contour
is plotted for ypw = 0. The dashed black line is the line of k, values at the maximum of the
growth rate ypw: at given kx and the star symbol locates the value for kx = 5kyx min-

Right hand side, maximum growth rate for kx = 5k, min and all values of k,, blue curve
maximum of y, (g) versus g for Interchange without drift waves, black curve maximum of ypw (C)
versus C for Drift Waves without interchange. For g. = 1.5 10-% and C. = 6.0 10~°, open
black square marker and closed blue triangle respectively, the growth rate values are equal
vi(gc) = vow (Cc) = ye

given value of the density gradient 1/|L,| the drift wave turbulence is stable in both the small
and large C limit. This property holds for kK /= 0. At small values of k, the roll-over to the 1/C
dependence can only be found for C (D + v)k*. As for the interchange instability Eq.( 22b),
the condition Eq.( 23b) indicates that the k, = 0 cannot become unstable, the turbulence onset
is clearly governed by the loss of poloidal invariance k, /=0.

The linear analysis is investigated numerically, varying the wave vectors k. and k, as well as
the control parameters g and C. The control parameters are for all cases D, = v, =10-2 and:

e Interchange case, labelled I: g /=0, 0, =0, = C; and o, =;¢ =0,
e Drift Wave case, labelled DW:g=0,0,=0,=0,=0,=C /=0,

e Drift Wave + Interchange case, labelled Dwl, g /=0 and o, = 0, =0, = g{,, =C/=0.
The wave vectors are stepped respectively by kx min and ky, min the smallest non-zero chosen

value for the wave vectors, here kxmin = Ky,min = px wWith 1/px = L, the radial box size
normalised by the reference Larmor radius po. For each value of the control parameters, given
Eq.( 21), one can determine the growth rate y(k,, k,), see Figure 1 left hand side. For the chosen

example of Dwl linear analysis g = g. = 1.5 10~%and C = C. = 6.0 10~°. One finds that the
growth rate maximum is located at k, = 8 ky,min and k., = 0. For each value of k. one can
determine the maximum of the growth rate when varying k,. The line of these k, values are
plotted on Figure 1 left hand side dash black line. For kx = 5k, min one finds that the maximum
is at k, = 8k, min, black star marker. The black contour line on Figure 1 left hand side is that
of marginality y(k. ky) = O, on the left hand side, above and below this contour y(k,, k,) < O,
the modes k,, ky are stable. In the following, the reference value chosen to characterise the
growth rate y for all values of parameters g and C is the maximum of y(k, k,) for all values
of kx = 5k, min and all values of k,. The characteristic growth rates ypw (C), black curve, and
vi(g), blue curve, are plotted versus C and g on Figure 1 right hand side. One finds that ypw
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Figure 2: Left hand side, for kx = 5k, min growth rate versus k,/ky, min for Drift Wave (DW),
Vow black curve open circles, g = 0 and o, = 0, = 0, = 0, = C,, Interchange (l), y; blue curve
open triangles for g = g., 0n = 0, = Cc and 6, = G, = 0 and Drift Wave with Interchange
(Dwl), vpow: red curve closed squares for g = g. 0, = 0o, = 0, = 0, = C.. The control
parameters C. and g. are chosen so that the maxima of ypw and y;, have the same value. The
sum y; + ypw is observed to peak at a value similar to the peak value of ypw,.

Right hand side, maximum instability growth rate of combined Drift Wave and Interchange
instability yows (C, g) in logio scale, scanning logio(C) horizontal axis and /ogio(g) vertical axis
with g /=0and o, = 0, = 6, = 0, = C /= 0. The black-white dashed contour line is for the
marginality condition ypuw:(C, g) = O.

becomes negative at large C as expected and decays to the small values of C, but will become
negative only for C < 10~° given the chosen values of kymin and ky, min. For Interchange, one
recovers that y; (g) increases monotonically with g becoming positive foryz 6. 10~->. For the
turbulence simulations we select C = C. = 6.0 10->, open black square, and g = g.= 1.5 1074,
closed blue triangle, for which the maximum growth rate ypw (C.) is equal to the maximum
growth rate y; (g.), see Figure 1 right hand side. The choice that is made g. and C. is further
analysed of Figure 2 left hand side. The growth rate ypw , black curve open circles, and y, ,
blue curve open triangles, are plotted versus k./kx min for kx = 5kx min- As chosen, the two
growth rates have the same peak value but for different k,, the Drift Wave being shifted towards
lower k, compared to the Interchange case. Combining the two instabilities yields ypuw, , red
curve closed squares, which close to double growth rate and intermediate peak value of k,. The
peak behaviour is found to compare well to ypw +y; as if the turbulent processes where additive.

The linear stability analysis of Drift waves and Interchange instability mechanisms (Dwl) has
been investigated varying the control parameters C and g, Figure 2 right hand side where the
characteristic growth rate is plotted versus C in log scale lower axis and g in log scale, vertical
axis. As observed on Figure 1 right hand side, varying C has little effect. It bounds the unstable

region to the right when C becomes large, typically of order 10-3. This is shown by the vertical
dashed black and white line that indicates the marginality condition ypw, = 0. For g — O,
the horizontal dashed black and white line indicates the stabilising effect for small values of C.
The unstable region governed by the drift wave instability appears to extend for C in the range

10-® = C = 1073 The main variation of the growth rate is governed by the variation of g.
Finally the selected conditions C. and g, such that the drift wave and interchange instability
yield the same value for the characteristic growth rate is indicated by the open black marker.

This point lies in a region of rather weak growth rate . 103 agreeing with the peak value
indicated on Figure 2 left hand side.
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4. Simulation of turbulent SOL widths

The system of two coupled equations Eq.( 16) is used to investigate the effect of competing
linear drives of plasma turbulence on the SOL width. Simulations are performed with the
TOKAM2D code that has been fully verified [33]. The code is pseudo-spectral in both radial
and poloidal directions and the time stepping scheme is an order 4 Runge-Kutta. Consequently
the simulation domain is periodic in both poloidal y and radial x directions. The poloidal

periodicity is consistent with an angle but the radial periodicity requires more attention. A
source term is implemented with Gaussian shape in the radial direction, half width 8 p, and
constant in the poloidal direction. Consequently, the density gradient to the right of the source
is negative while the density gradient to the left is positive. At maximum and minimum density,
regions with weak density gradients and vanishing radial particle fluxes are expected. The
latter minimum region is observed to govern a region of stability that separates the simulation
domain in two parts. A negative gradient region, standing for a low field side SOL region
with interchange and possibly drift wave instabilities, and a positive density gradient region,
standing for a high field side SOL region with only the drift wave instability. The two SOL
regions are coupled via the source region, typically the separatrix. The drawback of handling
radial periodic conditions is compensated by the numerical efficiency, first the high accuracy
of the scheme, but also addressing directly two plasma turbulence cases, that of drift waves
with or without interchange. Since the code evolves the Fourier modes, the results of the linear
analysis can be directly applied. The mesh stepping is chosen equal to po in the x and y
directions, therefore defining kymin = ky,min = Tpx Where 1/p« is the size of the simulation
domain in number of mesh points N, and N,. For the results presented here we have chosen
Ny = Ny, = 256 (px # 1073). One can show that the amplitude of the source defines the
density normalisation and is not a relevant control parameter. For flux driven simulations we
set 1/L, = O so that the available control parameters are g, o, = 0, and o, = 0, with fixed
D, =v. =102 Asindicated previously, we present in this paper the simulations for the three
reference cases listed above, namely Drift Wave (DW), Interchange (1) and allowing for the two
instability mechanisms (Dwl).

We first compare the radial profiles of the density averaged over time and poloidal angle. For
the Drift Wave case, npw is symmetric with respect to the mid-box location, Figure 3 left
hand side. As expected, the turbulence drives a comparable transport in the low field side and
high field side SOL. An exponential decay is observed close to the source with e-folding length
1/A = 0.018. This value is quite close to that used to perform the linear analysis in the previous
Section, 1/L, = 0.02. The sharper decay towards the mid-box region is harder to explain
since it suggests a reduction of the turbulent transport efficiency despite a larger departure
from thermodynamic equilibrium as determined by the density gradient. Let us now analyse
the profile of npw, , red curve open red markers, for the simulation combining both instability
mechanisms, Figure 3 right hand side. The profile is no longer symmetric and is clearly broader
in the low field side where the interchange mechanism is at play. This imbalance of transport
must also modify the source flux that can be expected to be larger for the low field side SOL
than for the high field side SOL. Regarding the exponential fall-off, in the low field side SOL
close to the source region the e-folding length is typically 1/A=0.011, and further in the low
field side SOL it decreases to 1/A = 0.018 before dipping to still smaller values. For the high
field side SOL, the e-folding length appears to be 1/1 = 0.029. More accurate values of the
e-folding length are obtained by computingV,n/n (using the Fourier transform to compute the
derivative). This calculation yields directly -1/A, Figure 4 left hand side. On this figure the data
from all three simulations are compared, black curve head up open black triangles for the Drift
Wave only instability mechanism, blue curve head down open blue triangles for Interchange as
only instability mechanism, and red curve, open red circles, when combining the two instabilities.
In some regions one can easily define a nearly constant value of V,.n/n, while this becomes less
obvious in other regions, in particular for the high field side SOL where V,n/n is positive. One
finds that the width of the low field side SOL is broader with interchange only 1/|A, | = 0.013,
slightly narrower when combining the two instability mechanisms 1/|Apw/| = 0.015 and still
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Figure 3: Density profiles in log-scale, the source is located at x = 0 and x = 256 (periodicity
condition).

Left hand side, npw from a simulation with drift wave instability mechanism only, black curve
head up open triangles. The profile is symmetric with respect to the mi-box radius at x = 128.
One can fit an exponential decay in the region closest to the source with e-folding length A,
1/A = 0.018.

Right hand side, npw, for a simulation combining drift wave and interchange instability
mechanisms, red curve open circles. We have identified 3 regions with exponential decay, two
for the low field side SOL, x<170, and one for the high field side SOL, x=170. In the low
field side SOL, the decay closest to the source exhibits an e-folding length of order 1/Ax< 0.011,
with a sharper decay further radially, 1/A=0.018. In the high field side the exponential decay
away from the source is characterised by an e-folding length 1/A = 0.029, closer to that expected
without turbulent transport 1/Aqir = 0.08

larger for the drift wave only case 1) Apu| = 0.019. One finds as previously discussed that
the profiles tend to exhibit sharper gradients before the reversal of the slope, the far SOL
appear narrower than the SOL close to the separatrix. Regarding the high fieldside SOL, where
interchange is stable, one finds thatV /n approaches the value 1/Adir = o,/D. =~ 0.08
that would be reached without turbulent transport and only the diffusive transport. The drift
wave only case is symmetric, hence 1/|Apw | = 0.019. The case combining the two instabilities,
appears to generate a narrower SOL with 1/ Apu} = 0.029. All these results strongly disagree
with the trend one could expect given the analysis of the growth rates. Some effects can be
related to expected changes in phase between the density fluctuations and the fluctuations of
the radial E >B drift velocity governed by the ratio y,/y,. Another point, in line with the
importance we give to flux driven conditions, is that the flux that drives the turbulence varies
in these simulations, in particular the ratio between the flux to the high field SOL and that to
the low field SOL depends on the asymmetry of turbulent transport in these two regions. This
could govern a non-linear effect on the SOL width. To illustrate this last aspect, we now present
the so-called Sherwood dimensionless parameter for these simulations.

To investigate the transport barriers that appear in global flux driven simulations [34, 35]
it is convenient to compute the ratio of the turbulent flux I, divided by the total flux
Mtotar = Tdiff + Twurb Where Twmw = (nveexg) and Tair = —D. (V,n). In a barrier region
Mturs/Ttotar 6While elsewhere TMyr/Tiotar Iproviding a convenient criterion to analyse the
transport barrier dynamics as well as its dynamics [35]. The Sherwood dimensionless parameter
Sh for particle transport is similar to the Nusselt number used for heat transport, and is defined
as the ratio of the convective (turbulent) flux divided by the diffusive flux, hence Sh = [y/Tditr.
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Figure 4: Left hand side: Profiles of Vn/n for the simulation with drift wave instability
mechanism only, black curve head-up open triangles, interchange only blue curve head-down
open blue triangles and the case combining the two instabilities, red curve open red circles.
Regions with near constant values ofV,/n, indicated by the horizontal dashed lines allow us to
define the e-folding lengths discussed in the text. The top horizontal black dashed line is the
value of |V./n| that is expected for diffusive transport without turbulent £x B convection.

Right hand side: Profiles of the Sherwood parameter for the same simulations and same
convention, DW black curve with open head-up triangles, | blue curve with blue open head-
down triangles, Dwl red curve with red open circles. Here the Sherwood number is computed
with the time and y averages of the fluxes. The Sherwood number diverges wherwvV ,n— 0,
in the source region and towards the mid-box where the density gradient reverses, the latter

locations are indicated by the vertical dash-dot lines.
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Figure 5: Sherwood number Sh computed with y-averaged fluxes versus radial position x,
horizontal axis, and time t, vertical axis. Data from the simulation ”I” with only the interchange
instability mechanism.

Left hand side: Plot for the time interval QoAt = 6. 10% corresponding to 1250 snapshots,
Right hand side: Plot for a reduced time window QAt = 2. 10* and different colour-scale to
highlight the structure with negative values of Sh and the region with Sh= 1, green colour
range. The black plain line is oriented like the typical ballistic propagation of the outward
avalanches. The vertical mauve dash-dot lines indicate the radial position where (rd/’ff)ylt =0.
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Figure 6: Sherwood number Sh computed with y-averaged fluxes versus radial position x,
horizontal axis, and time t, vertical axis. The black plain line is oriented like the typical ballistic
propagation of the outward avalanches. The vertical mauve dash-dot lines indicate the radial
position wherg( lairr), , = 0. Left hand side: Simulation "Dwl|” of Drift waves with interchange.
Right hand side: simulation ”"DW” with drift wave only.

It is clearly related to the criterion we have used to analyse the transport barriers and can also
be related to the SOL width: Sh = A%/A? .. — 1. Depending of the choice made for the fluxes
three different values are obtained. Local values of the fluxes depending on radial position
X, poloidal angle y and time can be used. Very large fluctuations in x, y and time are then
observed. Regarding the effective radial transport, it is more convenient to consider y-averaged
fluxes yielding a time dependent Sherwood profile. This reduces significantly the magnitude of
the Sherwood number and retains the dynamics. Finally, one can use the time and y-averaged
fluxes yielding a radial profile, with a further reduction in the magnitude of the Sherwood
number. The profiles of the Sherwood dimensionless number are plotted on Figure 4 right
hand side. This Figure summarizes many points discussed above. First, Sh tends to decrease
gradually for x & 64 towards the point with inversion of the density gradient reversal (indicated
by the vertical dashed lines). Second, the interchange exhibits a higher value of Sh compared
to the case combining the two instabilities. Third, the drift wave case is identical for the high
and low field side SOL, when the interchange is the only linear drive it does not contribute to
the low field side SOL turbulence and for the high field side SOL the simulation with combined
instabilities exhibits less turbulent transport than that with drift wave only.

On Figure 5 are presented the Sherwood number determined with for y-averaged (flux surface
average in this 2D model) radial fluxes of particles for the simulation ”I” with interchange as only
linear drive. On Figure 5 left hand side, the colour-scale is chosen to highlight the avalanches.
These exhibit long range propagation from 64 x 192. For O=< x =64, closer to the
source location at x = O, corrugations [17, 16], the vertically oriented dark structures, appear
to inhibit the long range propagation. The colour scale is changed on Figure 5 right hand side
for comparison to the other simulations with drift waves. The time window is reduced and
colour-scale symmetric between-250 and +250. The colour-scale also allows one to identify
the region with positive Sherwood number and Sh=1 that corresponds to the green colour-
range. One can then clearly notice that the long range avalanche region extends up to x 194
highlighted by the vertical mauve dash dot line that indicates the radial position where the
time average density profile reverse, therefore with zero gradient and vanishing diffusive flux
Fqirr. One can remark strongly negative structures of the Sherwood numbers, blue colour-scale,
embedded in regions of maximum Sherwood number, with white colour-scale, and located in the
region that exhibits the corrugations. The same plot, same time window and same colour-scale,
is shown on Figure 6 for the simulation "DwlI” with drift wave and interchange, left hand side,
and simulation "DW” with only drift wave. On the left hand side with interchange present,
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the pattern of avalanche transport is still apparent but inhibited compared to the case with
only interchange. Corrugation patterns are not visible. Regions with large negative Sherwood
number are more frequent and appear to align according to the avalanche pattern. This suggests
time sequences with large avalanches with outward flux, these being nearly concomitant with
avalanches with large inward fluxes. The reversal of the avalanche direction of transport can
be related to the phase change between the over-dense structures and the location of maximum
radial E =< B convection. Finally, in the case with drift wave only turbulence, the avalanche
pattern is clearly inhibited and the magnitude of the Sherwood number is reduced for both the
negative and positive values. The ballistic propagation of the outward avalanches indicated by
the black lines, Figure 5 right hand side and Figure figure: sherwood DW left and right hand

side are found to be quite comparable, 4.6 p«cs, 4.4 pxcs and 5.1 pxcs respectively.

5. Discussion and conclusion

In this paper we have revisited the seminal papers on SOL interchange turbulence [10] and
drift wave turbulence [25] to obtain a versatile 2D model to investigate numerically plasma
turbulent transport. We have shown that the instability triggered by the effect of temperature
fluctuations on the sheath conductivity, when linearised, is in fact comparable to drift wave
turbulence. Therefore, provided one extends the model to allow the transported field to be
either the temperature at constant density or the density at constant temperature, one can use
this 2D model with two different instability mechanisms to investigate both the edge plasma
and the SOL. The model then describes the E sB convection of the transported field, here
defined as the density, to the Ex B convection of the vorticity, identical in this simplified
version to the Laplacian of the electric potential ¢. The physics of interface barriers has been
investigated with such a model [23] modified to handle both closed and open field lines. The
linear analysis indicates that most of the parallel losses participate to damping processes of
the large-scale fluctuations -while dissipative effects are damping processes of the small-scale
fluctuations. Conversely, the buoyancy effect with control parameter g and the parallel the
parallel conductivity proportional to the density field with control parameter C, govern the
coupling between the two fields and consequently the linear instabilities. The interchange
like instability is shown to depend on the sign of the density gradient making it stable in the
high field side SOL and possibly unstable in the low field side SOL. conversely the drift wave
turbulence does not depend on the sign of the density gradient and can be triggered in both
high and low field SOL. Furthermore, the interchange instability grows with g but the drift
wave instability levels-off at modest growth rate and is stabilised at large values of C. Using
the linear analysis we have selected a case, such that the growth rate of drift waves and the
interchange growth rate are identical, the growth rate when both instabilities are at play being
roughly the double. The choice defines three cases that have been investigated numerically
for both high and low field SOL. We have used the SOL width to characterise the turbulent
transport. The largest SOL e-folding length is observed with interchange only, and therefore
is restricted to the low field side turbulent transport. The model including both interchange
and drift waves is found to yield a small but comparable width on the low field side, together
with the narrowest SOL width located on the high field side. Finally, the drift wave case
with no buoyancy effect generates the same narrow SOL width in the high and low field SOL.
The Sherwood dimensionless number, ratio of the convective particle transport, therefore the
turbulent particle transport, divided by the diffusive transport, is also used to characterise the
turbulent transport. It indicates, agreeing with the analysis of the density gradient, that for the
chosen parameters the SOL is rather inhomogeneous. The largest e-folding length and turbulent
transport are localised towards the source region (the separatrix), then the amplitude of the
gradients increase significantly while the effectiveness of turbulent transport is reduced. The
ongoing investigation suggests that turbulence with corrugations characterise the broad SOL
region, while long range avalanche transport appear to prevail where the turbulent transport
is reduced and gradient amplitude increase. The connection to the issue of the distance to
marginality, which is most likely equivalent to a weak flux forcing, is presently analysed.
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