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Sheared flows can significantly affect the properties of tur-
bulence in magnetically confined plasmas. These effects are 
observed in many plasma configurations, an archetype of such 
phenomena being the spontaneous formation of the high-con-
finement (H-)mode barrier at the edge of tokamak plasmas 
[1]. Turbulent suppression typically occurs when the radial 
shearing rate of the E B×  plasma flows, v rd dE B E B/ω =× ×  
(v BE BE B

2/= ×× ), is of the order of the linear growth rate 
of the turbulent modes [2, 3]. Understanding the effects of 
sheared flows is paramount for attaining a fusion reactor, in 
particular due to their typically beneficial effects upon plasma 
energy confinement and stability.

The present letter deals with radially sheared E B×  flows in 
the scrape-off layer (SOL) of tokamak plasmas. In this region 
of the device, the balance between cross-field heat transport 
against parallel streaming along magnetic field lines gives rise 
to exponentially decaying power profiles with a characteristic 
length d qlnq x

1( )∥λ = − −  (q nc Ts∥∼ , with c T T ms e i i( )/= + , 

is the power flowing along the magnetic field lines towards 
the device walls, and x is the radial coordinate). As opposed 
to the confined plasma region, where we seek to use sheared 
flows to minimize turbulent transport, SOL turbulence can be 
helpful by broadening profiles to avoid a too narrow power 
exhaust channel.

We concentrate on the inner-wall limited (IWL) geometry, 
where the plasma makes contact with the inner-wall of the 
device. This configuration will be used as a start-up plasma 
scenario in ITER before standard X-point configuration is 
attained [4]. It was originally assumed that the ITER IWL 
SOL could be described with a single-exponential qλ  of a 
few cm’s [5]. Recent IWL experiments demonstrated that the 
SOL plasma profiles have a double-exponential decay length 
structure. In effect, in the near-SOL just outside the con-
fined plasma region, qλ  is an order of magnitude smaller than 
expected [6–10]. We refer to this steep gradient region as the 
‘narrow heat-flux feature’. A multi-device study projects that 
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the IWL qλ  is roughly equal to the turbulent correlation length.
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the ITER IWL near-SOL qλ  will be about 4 mm, and prompted 
a redesign of the inner-wall tiles to accommodate for the sig-
nificantly smaller than expected qλ  [11].

Herein we demonstrate that the steep gradients in the nar-
row heat-flux feature can arise due to radially sheared E B×  
poloidal flows present at the interface between the confined 
plasma region and the SOL. We observe this phenomenon in 
3D flux-driven turbulence simulations of plasma dynamics in 
the IWL configuration. Despite the strongly sheared flows, we 
find a relative fluctuation amplitude of about 20% within the 
narrow feature in the simulations, which is consistent with 
experimental observations. The most peculiar and surprising 
aspect of the simulated dynamics is the role of sheath cur-
rents and their interaction with the sheared turbulent flows in 
regulating cross-field turbulent transport. Considering these 
phenomena, we develop a reduced transport model capturing 
the physical mechanisms at play within the narrow feature. 
The resulting qλ  is intimately linked to the turbulent correla-
tion length.

The formation of a narrow heat-flux feature is demon-
strated using 3D flux-driven turbulence simulations of plasma 
dynamics in the IWL configuration. The non-linear simula-
tions allow us to extract and understand the variation of the 
near-SOL qλ  with the plasma parameters. We make use of 
the drift-reduced Braginskii equations [12], which arise from 
applying the orderings td d ci/ ω≪  ( eB mci i/ω =  is the ion gyro-
frequency, with the value of B taken from the magnetic axis) 
and k k∥⊥≫  to the Braginskii fluid equations  [13]. We con-
sider the simplest possible model that can be used to recover 
the narrow heat-flux feature, i.e. electrostatic, cold ions, a 
large aspect ratio torus with circular geometry, and we use 
the Boussinesq approximation. This model includes the phys-
ics of drift and ballooning modes, which can be destabilized 
either by finite resistivity or electron inertia. The model equa-
tions for conservation of density n, vorticity 2φΩ = ∇⊥ , paral-
lel electron and ion velocities ∥v e,i, and electron temperature 
Te read

φ= − −∇ ⋅ + ∇ +⊥
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(5)

In these equations, / / { }/φ= ∂ ∂ +f t f t f Bd d , , we use the 
Poisson bracket = ⋅ ∇ ×∇g f g fb, ˆ{ } ( ), and the curvature 
operator C f B B fb2ˆ ( ) ( / )( ( ˆ / ))= ∇× ⋅ ∇ . The unit magnetic 
field vector is Bb Bˆ /= , j en v vi e( )∥ ∥ ∥= −  is the parallel cur-
rent, and ∥σ  is the Spitzer conductivity. The coordinate sys-
tem is given by the poloidal length, radial, and toroidal angle 
coordinates y a x, ,( )θ ϕ= . STe and Sn represent source terms 
used to inject density and temperature into the simulation 
domain. The numerical implementation of (1)–(5), including 
the definition of the gyroviscous terms Ge,i∼  and other dissi-
pative contributions, is described in detail in [14]. (It has been 
checked that the artificial dissipation terms do not affect the 

qλ  simulation results.) Sheath boundary conditions, modeling 
the interface between the SOL plasma and the vessel walls, 
are applied at the entrance of the magnetized pre-sheath where 
the ion drift approximation breaks down [15].

Simulations are carried out within the param-
eter range R 250s

1
0/ρ ρ= =−

! –1000, /ν = e n cs
2

e,LCFS 0  
( )∥σ =m R 0.01, 0.1, 1i , q  =  4–16, m m 1 200e i/ /= , with 
a R 1 4/ /≈  (q r R B B( / )( / )≈ φ θ  is the magnetic safety fac-
tor, while cs s ci0 0/ρ ω= , c T ms0 e,LCFS i/= ). The simulation 
parameters 20001ρ =−! , 0.01ν =  roughly translate to the IWL 
SOL parameters of Alcator C-Mod (R0  =  0.67 m, B0  =  4 T, 
T 25e,LCFS =  eV, n 10e,LCFS

19=  m−3). Using a simulation with 
5001ρ =−! , q  =  4, and 0.01ν = , e.g. corresponding to C-Mod 

parameters but with B0  =  1 T, we illustrate the basic physics 
mechanisms giving rise to the narrow heat-flux feature. The 
simulation domain entails an annular volume representing the 
plasma edge and the SOL, where an infinitely thin wedge acts 
as a limiter on the high-field-side. Temperature and density 
are added within the plasma edge using poloidally uniform, 
radially Gaussian sources (STe and Sn) of radial width 5 s0ρ  and 
placed at the inner boundary of the simulation domain. The 
plasma profiles steepen due to the action of the sources, driv-
ing turbulent modes that fill the SOL with plasma. Figure 1 
shows steady-state, poloidally and toroidally averaged, radial 
profiles of ncsTe showing a very clear break in slope about 
20 s0ρ  away from the LCFS (nc T qs e ∥∼  near the limiter). The 
near SOL has 8q s0λ ρ≈ , which translates to a few millimeters 
in physical units (typically 1s0ρ <  mm), and would be compa-
rable to measured values [11]. Profiles have been obtained just 
above or below the limiter, and on the outboard midplane in 
order to demonstrate that the radial gradients are steep on the 
inboard and outboard planes. From here onwards, we consider 
time, poloidally and toroidally averaged quantities (denoted 
with angled brackets ) in order to highlight the main physi-
cal mechanisms at play. The assumption of weak poloidal 
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gradients is consistent with recent Alcator C-Mod Langmuir 
probe measurements [16].

Figure 2 shows a snapshot of a poloidal cross-section of φ 
during the quasi-steady state phase of the simulations, where the 
plasma quantities are subject to power balance. The radial comp-
onent of the steady-state electric field, Ex x φ= −∂  has oppo-
site signs in the SOL and in the plasma edge. In the SOL, the 
interaction between the plasma and the sheath gives T ee /φ ∼Λ  
( 3Λ≈ ), i.e. E 0x > , while in the plasma edge E 0x < . As a 
result, ⟨ ⟩φ  varies significantly around the LCFS, giving rise to a 
poloidal velocity shear layer in our simulations. This shear layer 
is similar to the one resulting from an imposed electric field well 
in [17]. In figure 3, the shearing rate c RsE B

1 /″ω ρ φ=×
−
!  is 

compared against the reference ballooning growth rate [18] 
T L c R2b p se /( ) /γ ρ= !  (L d plnp x= − ). The shear layer 

effectively divides the edge of the plasma into 3 regions: (a) the 
plasma edge, where bγ  is comparable or larger than E Bω × , (b) the 
near-SOL, where drift and ballooning type modes are strongly 
stabilized due to the velocity shear layer, and (c) the far SOL, 
where E Bω ×  is weak. The latter region was extensively described 
in our previous studies [19].

We typically find T ee / φΛ >  at the LCFS of our simu-
lations, which is consistent with Langmuir probe measure-
ments in the near-SOL of TCV and COMPASS [8, 9]. This 
phenomenon, in fact, suggests that parallel currents flowing 
out of the plasma play an important in the near-SOL, since 
by charge conservation j L j L/ /∥ ∥∼⊥ ⊥ . Assuming that L qR∥≈ , 
this simple heuristic argument immediately relates the near-
SOL width, which should be similar to L⊥, to the safety 
factor q B1/∼ θ. Indeed, a simulation scan over q  =  4–16, 
shown in figure 4, confirms that qq s/λ ρ ∝  at fixed 0.01ν =  
and 5001ρ =−! . The error bars give the root-mean-square 
deviation obtained from fitting nc Ts e  over a time interval 
of 40R cs0 0/ .

Additional simulation scans have been carried out varying 
ν and ρ! at fixed q  =  4. In the first case, the resistivity only 
has an effect when 1ν∼ , in which case we observe weaker 
j∥ near the limiter and an increased radial transport. Within 
the explored parameter range, we find little variation of q s/λ ρ  
with ρ!, which suggests a weak dependence on the normalized 
plasma size.

To gain further insight on the role of the outflowing cur-
rents, we concentrate on the charge balance in the system, 
equation  (2). This is illustrated in figure  5, where we have 
separated the contributions of all the terms in the vorticity 
equation  (including numerical dissipative terms), as radial 
profiles. We observe that the parallel current contribution, 

B j nm2
i/( )∥∇ ⋅ , strongly affects the charge balance in the 

near-SOL. The parallel currents are mostly compensated 
through a polarization contribution B,{ }/φ∼ Ω , while other 

terms play a minor role. The curvature term BC p nm2 e iˆ ( )/( )  
plays an important role in the far-SOL, consistent with blob 
filament motion [20]. On the other hand, the radial dissipa-
tive terms become noticeable near the LCFS due to the steep 
gradients of the radial Ω  profile—it has been tested that 
decreasing the radial diffusion steepens the profile by about 
1 s0ρ , which is within the 95% confidence interval of the qλ  fit.

We now propose a reduced model predicting qλ , based 
upon a balance between the j∥ and j⊥ contributions. Our objec-
tive is to obtain the transport levels within the narrow heat-flux 
feature. The perturbed electrostatic potential is determined 
through the vorticity balance, allowing us to evaluate the near-
SOL E B×  velocity. Consider a steady-state equation  bal-
ancing parallel and polarization current terms at the LCFS. 
Integrating along the field line, and neglecting parallel mode 
anisotropy, we obtain

φ ω δφ
Ω =

⎛
⎝⎜

⎞
⎠⎟B

c
L

e

T
1

, exp ,s ci fl
2

e
{ }

∥
 (6)

where we used Gauss’ theorem and simplified the sheath 
current j enc e T enc e T1 exp exps s flsh e e( ( / )) ( / )φ δφ= − Λ− ≈  

Figure 1. Time averaged radial profiles of nc Ts e, computed using 
(a) the entire poloidal cross-section (blue dotted line), (b) the 
equatorial outboard side of the device (black line with triangles), 
and (c) just above (red line with left-triangles) and (d ) below the 
limiter (magenta line with right-triangles). Data obtained from the 
quasi steady-state phase of a simulation with q  =  4, ρ =−! 5001 , 
ν = 0.01.

Figure 2. Poloidal cross-section of the electrostatic potential during 
the quasi steady-state phase of a simulation with q  =  4, ρ =−! 5001 , 
ν = 0.01. The wedge on the inner side of the torus represents a 
toroidal limiter.
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( T efl e/δφ φ= Λ − ). The simulation results indicate that the 
polarization current contribution is dominated by a radially 
sheared convection of vorticity. Taking a poloidal average, we 
recover the expression

B x y
c
L

e

T
1

exp ,s ci fl
2

e

˜ ˜
∥

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

φ ω δφ∂
∂
Ω
∂
∂

≈ (7)

with the tildes indicating perturbed quantities. This step points 
out that it is the radial shear of the turbulent motion that allows 
diverging parallel currents to arise. The currents flowing into 
the sheath, in turn, allow the potential to decouple from the 
temperature profile. The interaction with the closed magnetic 
field line region, where the electric field has the opposite sign 
than in the SOL, leads thereafter to the radially sheared elec-
tric field characteristic of the narrow heat-flux feature.

Next, we estimate k2˜ φ̃Ω = − ⊥ , and kx x∂ ∼  and ky y∂ ∼ , 
which leads to the radial E B×  velocity of turbulent structures 
propagating across the narrow feature

v
c
L

k

k k

e

T
exp .x

s ci y

x

fl
E B,
2

2
e

˜
∥

⎛
⎝⎜

⎞
⎠⎟

ω δφ
≈×

⊥
 (8)

The turbulent flux follows immediately from the estimate 
pv xE B,˜ ˜Γ ≈⊥ × . The amplitude of the fluctuations tra-

versing the narrow feature from the edge is estimated as 
p p kx q˜ /( )λ∼  [21, 22]. Then, the near-SOL width can be 

obtained by balancing ∇ ⋅ Γ⊥  against the sheath contribution 

pc e T Lexps fl e( / ) /∥ ∥ ∥δφ∇ ⋅ Γ ≈ . The assumption of parallel 
convection rather than conduction is justified in the case of 
weak poloidal plasma gradients, which was an assumption of 
our analysis. The result is

k

k k

L e

T
k q

exp
2

.q
y

x s

fl x
3 2

e

1 4 1 1 4
∥

/ /⎛
⎝⎜

⎞
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⎛
⎝⎜

⎞
⎠⎟λ

ρ
δφ

ρ
=

−
≈

⊥

−

!
 (9)

In the last expression, we replaced L qR∥=  and we assumed 
that eddys have comparable radial and poloidal wavenumbers, 
i.e. k k kx y∼ ∼ ⊥ around the LCFS. The near SOL wavenumber 
is consistent with simulation results, and with gas-puff imag-
ing of SOL turbulence [23]. As the modes traverse into the 
far SOL, kx decreases while ky remains about constant. We 
also approximate e Texp 1 2fl e

1 4( / ) //δφ− ≈ , based on the LCFS 
values consistently found throughout our simulation scan. 
The weak dependence obtained with respect to the plasma 
parameters can explain, in part, why it is difficult to vary the 
narrow feature width in experiments—the plasma parameters 
appear only indirectly, and through the radial correlation 
length L kxrad /π= . Equation (9) is the principal result of the 
model, and the simpler expression involving kx

1−  is evaluated 
using the radial eddy correlation length from the simulations 
and compared against qλ  in figure 6. The simulation parameter 
range is as mentioned above: q  =  4–16, 250, 500, 10001ρ =−! , 

0.01, 0.1, 1ν = , with qλ  generally increasing with the safety 
factor, at 1ν = , and showing a slow variation with respect to 
the normalized plasma size.

In conclusion, we propose that a narrow layer of radially-
sheared poloidal flows, occurring within the near-SOL, is 
responsible for the steep plasma gradients recently measured 
in the IWL tokamak experiments. Non-linear, flux-driven tur-
bulent simulations demonstrate the spontaneous formation of 
E B×  shearing rates significantly surpassing the expected lin-
ear growth rate of the turbulent modes. Simulation results sug-
gest that q s/λ ρ  increases with q I p

1∼ − , with weaker variation of 

qλ  with respect to ν or ρ!. The analysis of the simulations leads 
us to conclude that the near-SOL turbulent saturation level can 
be determined by balancing the polarization currents driven 
by the turbulence against parallel currents that ultimately flow 
into the limiter. Analytical estimates lead to a gradient length 
of the order of the turbulent correlation length. The proposed 
transport model would suggest that a q Iq p

1λ ∼ ∼ −  scaling 
(e.g. as in the drift heuristic model [24]) can originate from 

Figure 4. Simulated narrow-feature widths in simulations with 
q  =  4–16, ρ =−! 5001 , ν = 0.01.Figure 3. Radial profiles of ″ω ρ φ=×

−
!E B

1 , and the ballooning 
growth rate, /( )γ ρ= !T L2b pe . Computed from a simulation with 
q  =  4, ρ =−! 5001 , ν = 0.01.

Nucl. Fusion 57 (2017) 034001
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the turbulent wavenumber. Inertial ballooning modes (IBM) 
are the most linearly unstable modes in the parameter regime 
q  =  4, 5001ρ =−! , 0.01ν≈  and with steep plasma gradients 
[25]. For instance, the wavenumber k qs bIBM

1 1ρ γ∝ − −  together 
with equation (9) yield qq s,IBM

5 6 1 2 0/ / /λ ρ ρ ν∼ −
! .

Note that the elevated shear rate (e.g. satisfying the 
Waltz quench rule [3]) does not mean that the fluctuations 
are suppressed within the narrow feature. On the contrary, 
our simulations indicate elevated relative and absolute RMS 
 fluctuation levels therein. Instead, we argue that the  transport 
dynamics are substantially modified with respect to the 
local wave-breaking or gradient removal transport paradigm  
[21, 22]. Our model for the narrow feature can be summarized 
as follows. The near-SOL fills up with turbulent structures 
crossing the separatrix. Reynold’s stress associated with these 
structures allows diverging (sheath) parallel currents to arise. 
Then, the diverging currents force φ and Te to decouple, giv-
ing rise to poloidally symmetric sheared flows. The plasma 
edge dynamics influences the shear rate, although their details 
do not seem to be crucial to obtain the narrow feature trans-
port levels. As the local linear modes are stabilized by the 
flow shear E B( )γ ω< × , the transport level is determined by 
the convection of turbulent structures, originating within the 
confined region, across the narrow feature. Their radial veloc-
ity, given by equation  (8), can be determined using an esti-
mate of the diverging sheath currents. This hypothesis leads 
to equation  (9), which reproduces our simulation results, as 
shown in figure 6.

As a final remark, we highlight that our results lead to sev-
eral testable predictions: (a) the turbulent intensity allows the 
outflow of parallel currents at the limiter, (b) the strength of 
the currents can be related to kx, and (c) qλ  can increase with 
q B1/∼ θ. Some of these features, such as the currents at the 
contact points, have been observed before in several devices. 

Dedicated experimental campaigns at C-Mod, DIII-D, and 
TCV will be used with the objective of validating the physical 
insights here presented.
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