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Presence of a poloidal ring limiter in the tokamak Aditya which has a circular plasma presents an
interesting Scrape-off Layer (SOL) plasma configuration where small to large scale spatial variations
of plasma parameters are expected. Flow shear in the Aditya SOL are routine observations and
their strong correlation with the experimentally measured edge fluctuations in floating potential and
SOL currents/drifts are thoroughly investigated in the recent past. The first implementation of 3D
SOL plasma transport simulation code EMC3-EIRENE allows possibility to investigate the SOL
complexity and associated short and long scale spatial patterns in the flow and plasma transport,
with its impact on the confinement properties of the plasma in edge region. A detailed investigation
of first results from the 3D plasma transport simulations shows interesting 3D flow patterns and
existence of resulting parallel and radial flow shear in the device SOL. In the present work the origin
of these complex flow patterns is studied and their correlations with observed behavior of the flows
in device is discussed.

I. INTRODUCTION

Plasma transport in the Scrape-off Layer (SOL) of a
circular cross-section limiter plasma is simpler in its ana-
lytic structure. In the present day scenario with increas-
ing complexity of the plasma wall interaction region in
the fusion devices, the analysis of plasma transport in the
devices with such simpler SOL configurations can pro-
vide valuable inputs for the validation and determining
the applicability of analytic transport models, particu-
larly those underlying advanced computer simulations.
For the latter, data from the simpler configurations may
allow an effective benchmark with the experimental ob-
servation which is essential for refining the SOL trans-
port models applied for computations in many 2D and
3D SOL simulation tools [1–4]. The degree of complex-
ity of the turbulent plasma transport in SOL in compar-
ison to that in the core is explored in many experiments
where SOL plasma flows are measured [5–8]. This varia-
tion in the transport characteristics can be decisive to the
confinement regimes as well as over all plasma stability
since differential transport characteristics across the Last
Closed Flux Surface (LCFS) [9–11] can be key to a de-
sired pedestal structure or transport barrier [12–14], im-
pacting directly the processes like L-H transition [15, 16].
The recent observations and computational analysis of
circular plasma of tokamak Aditya showed a complex
structure of flows in the limiter generated SOL of the
device [17–19]. It was shown that the flow structure in
case of a toroidally localized poloidal limiter can be suffi-
ciently complicated even in the cases of a circular limiter
generated SOL of the tokamak, thereby disallowing an
easy interpretation of the flow measurements done us-
ing probes. In such cases a combination of experimental
and computational means can be particularly effective
in characterizing the SOL flow structure, given that the
two approaches can complement each other’s capacity.
In the SOL transport of tokamak Aditya studied here,
there are signatures that the spatial complexity of flow

structures observed in the present steady-state EMC3-
EIRENE simulations might be capable of strongly per-
turbing the drifts and flows that are routinely measurable
in the experiments but excluded from the simulations for
the simplicity. Evolution of such drifts and flows modu-
lated by the steady-state structures is a plausible source
of the spatial and temporal fluctuations in the edge re-
gion. Such activity, besides being regularly observed, in-
fluences the critical factors like local particle and heat
transport coefficients, determining, in turn, the stability
of the overall equilibrium.

In Aditya, which has major radius 75 cm, minor radius
25 cm and a maximum toroidal magnetic field of ∼ 0.72 T
at the magnetic axis, the circular plasma is limited by a
poloidal ring limiter localized at one toroidal location.
The successful plasma operations on Aditya over last
few decades have covered many aspects of edge plasma
physics [20, 21] in its simple circular core plasma which is
interfaced with a purely 3D SOL since the variations are
expected in all, poloidal, radial and toroidal directions in
presence of the poloidal limiter. The recent experiments
involving flow measurements in Aditya SOL [17, 18] have
been focused on studying the interaction and control of
the SOL and edge plasma by means of external control
mechanisms, like a gas puff. Many interesting effects of
these external mechanisms, such as suppression of float-
ing potential fluctuation, were also noted and efforts were
made to establish their correlations with the global vari-
ation in the parameters like, floating potential, plasma
density and the Reynolds stress [18]. In a more recent
set of experiments, special attempts were also made to
recover the transport and drift driven components from
the net flow measured in the SOL using Mach probes
installed at various toroidal and poloidal locations by af-
fecting a magnetic field reversal [22, 23].

Behavior of plasma transport, flows, drifts and their
associated fluctuations are studied routinely in the edge
and SOL region of tokamak Aditya by analyzing the data
from Mach probes and Langmuir probes [17, 18, 22].
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Many useful conclusions were drawn based on the probe
measurements which were employed to estimate flows
that mainly include the components along the toroidal
and poloidal directions. The probe measurements how-
ever remain highly local and limited in their capacity
to provide information about the global spatial varia-
tions because of limited number of probes on the de-
vice. The toroidal Mach number, for example, was ob-
served to increase with radial distance in the SOL and
decrease with increasing density [17]. An interpretation
of this was provided in terms of flows that are global in
nature since they originate because of the following two
factors: (i) particle drift effects that are identified to de-
velop at longer scale lengths, corresponding to that of a
mean electric field (e.g, E×B and Pfirsch-Schluter flows
that develop due to vertical charge separation at the mi-
nor radius) and (ii) the pressure difference driven flows
that develop due to the plasma source, in the form of
diffusion across the LCFS, over the SOL length, largely
comparable to maximum connection length, Lc. Here
Lc is typically the separation along the magnetic field
lines between the strike points at the two opposite faces
of the limiter. In the present set up, for example, the
toroidal Mach number (that shows a radial variation) is
measured at two spatial locations on the device while
floating potential and density measurements were done
at three locations, by combining the data derived both
from the Mach probes and the Langmuir probes [18]. The
absence of measurements from rest of the volume of 3D
SOL generated by a poloidal limiter was complemented
in the accompanying analysis by making reasonable as-
sumption about the global structure of the variation in
quantities that are measured only locally. While this ap-
proach has been successful in analyzing many aspects of
the observations, the underlying assumptions need to be
substantiated and improved further in order to cover the
areas where the ambiguity still exists. An improved esti-
mate requires data which is global in nature and allows to
correlate the local behavior of the measurements to the
global features of the parameter variations modeled by
approximate means, e.g., using a schematic slab model
as done in the recent data analysis [18, 22].

In a simple slab model used in order to interpret the
data from a Mach probe and Langmuir probe measure-
ments, the effects on the plasma parameters at the mea-
surement locations is modeled by estimating the effects
of various nonlocal factors. Some of these factors, for ex-
ample, a localized gas puff and the sink action by a lim-
iter, are strongly localized at a far off location from the
probes along the magnetic field in the toroidal direction
such that their effects can be estimated only to a limited
accuracy. In absence of the sufficient spatial continuity
in the data from the probe measurements to these local-
ized source of controlling factors, the 3D simulations are
seen as the best tool for estimating the missing informa-
tion and completing or refining the present global picture
based on qualitative assumptions. The first 3D simula-
tions of the plasma transport in the Aditya SOL using

the EMC3-EIRENE code [3, 4] have already indicated
some interesting features of the plasma parameters and
the plasma flow profiles in the device SOL that comprises
of various regions of very small to very long connection
lengths [19]. Over the intermediate period we have per-
formed a more detailed simulation study and analysis of
the resulting data, including a first comparison and cor-
relation of this data to the actual measurements on the
device.

In previously reported initial studies, interesting 3D
flow patterns were predicted in the SOL region emerging
mainly from the sharp changes in the connection lengths
in the SOL region [19]. The associated 3D variation in
the SOL plasma parameters resulting from these station-
ary structures are further analyzed and obtained to be
quasi-periodic in the poloidal direction. Since the struc-
tures are associated with the q-profiles and therefore are
static in nature over the flat-top duration, their average
effect on the drift and flow profiles in the SOL and edge
region are expected to be however small but non-zero.
In the present analysis this effect is estimated by obtain-
ing, from the 3D simulation data, the residual poloidal
and radial density gradients and the resulting diamag-
netic drifts. Considering such drifts to be the source of
free energy for potential fluctuations and large scale ac-
tivities, an estimation of their effects indicates a possibil-
ity of additional vorticity generation in the SOL result-
ing from a self-terminating diamagnetic drift [24] in the
region of flow structures that introduce a static quasi-
periodic poloidal variation in the SOL plasma parame-
ters. The resulting vorticity in the routine SOL flows
is indicative of the capacity of the flow perturbations to
influence the degree of desired differential anomalous dif-
fusivity across the LCFS (the boundary separating the
regions of closed and open field line regions) which is
one of the parameters determining the radial field or the
strength of an edge transport barrier, given a strong cor-
relation of a jump in the D⊥ across the LCFS to the
plasma confinement regime.

For the cases simulated in the present analysis, us-
ing the range of the parameter values consistent with
the experimental conditions, we have discussed our sim-
ulation output with respect to the existing observations
on the device. Areas are indicated where the simulated
data can complement the experimental measurements
and possibly motivate the organization of the future ex-
periments on the device. The present implementation
of EMC3-EIRENE to Aditya SOL flow studies involves
adapting a plasma equilibrium and generation of an opti-
mum 3D mesh with variable resolution that allows sam-
pling the variation in plasma parameters in the region
of large gradients with enough accuracy as well as pro-
vides good statistical accuracy and computational effi-
ciency with coarser mesh in the region where gradients
are relatively small. In the present paper, the struc-
ture of the ring-limiter generated SOL is discussed in
the Sec. II along with the procedure of the application of
the code to Aditya SOL, followed by the description of
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FIG. 1: (a) Contours of flux surfaces obtained from the
magneto-hydrodynamic equilibrium calculations with the in-
ner surface of the limiter represented by the thick circle and
cross-section of the vessel represented by thick square. (b)
Schematic of the vessel intersection at the location of the left
face of the limiter φ = 0o facing the direction −φ̂, where φ̂ is
the direction clockwise along the torus as seen from the top.

the plasma-neutral transport model adopted in the code
EMC3-EIRENE in Sec. III and analysis of the simulation
results in Sec. IV. The computational results are ana-
lyzed with respect to the existing probe measurements
in the device SOL in Sec. V, and the effects of observed
flow structures are estimated in Sec. VI. Summary and
conclusions are presented in Sec. VII.

II. COMPLEX SOL IN ADITYA AND THE

EMC3-EIRENE COMPUTATION GRID

The schematic slab model used in the existing interpre-
tation of the probe data relies upon modeling the SOL
region as a perfect 3D slab with two of its opposite sides
representing the two faces of the limiter, such that the
entire geometric volume between these faces is approx-
imated as a region of open magnetic field lines. In the
present treatment this model is upgraded by deriving the
topology of the magnetic field lines in the plasma vol-
ume from the magnetic flux data obtained from the nu-
merical computation of an exact magneto-hydrodynamic
(MHD) equilibrium for Aditya [25] computed using stan-
dard numerical procedures [26]. The modified approach
is based on the mapping of the limiter geometry to a
slab while considering the relative curvature of the equi-
librium magnetic surfaces and the poloidal limiter. This
approach produces many important improvements in the
understanding the complexity of the structure of the SOL
of Aditya which is produced by a toroidally localized
poloidal continuous limiter. The first modification in
the slab model comes from accounting for the Shafra-
nov shift produced in the magnetic flux surfaces as a re-
sult of the toroidal version of the fundamental magneto-
hydrodynamic equilibrium, j×B = −∇p, where j is the
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FIG. 2: Schematic of the improved slab model to interpret
the probe data (top) and a corresponding realistic 3D trans-
port simulation grid for EMC3-EIRENE simulation (bottom)
derived from the Aditya MHD equilibrium.

toroidal plasma current density, B is the total magnetic
field and p is the plasma pressure. As evident from the
cross-sectional view of magnetic flux surfaces plotted in
Fig. 1 (showing also the limiter and the vessel), this shift
towards the Low Field Side (LFS) in the plasma center
and therefore in the nearly circular magnetic surfaces,
results in the poloidal limiter intersecting the magnetic
surfaces having larger poloidal curvature than that of the
ring-shaped limiter, as described schematically in Fig. 2.

It is clear from the transformation of toroidal magnetic
flux surfaces to a 3D slab as shown in Fig. 2(top) that,
once the set of nested equilibrium magnetic flux surfaces
is represented by a set of stacked 2D planes such that
they can be accommodated, horizontally, in a 3D slab,
the limiter ring that has a curvature different than the
flux surfaces can clearly be represented only by a convex
structure intersecting the set of horizontal planes inside
the slab with larger radius. Note that the first horizon-
tal plane intersecting the limiter, specifically the plane
intersecting the tip of the convex limiter structure, rep-
resents the LCFS. As a result of this curved limiter image
in the slab, the SOL region, which is essentially the vol-
ume occupied by the bunch of field lines connecting both
the faces of the limiter, must also be a region of finite
curvature and not perfectly bounded by the LCFS since
the latter is a flat surface in the transformed slab ge-
ometry. Considering the narrow area of the limiter wet-
ted by the plasma at the outboard midplane [17], when
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FIG. 3: The radial-poloidal distribution of the connection
length at (a) limiter face φ = 0o and at the location diagonally
opposite to the limiter face φ = −180o. The angles θ = 0o(≡
360o) and 180o correspond to the outboard and inboard sides,
respectively.

the image of this wetted area is followed along the mag-
netic field lines on the LCFS, it traces a narrow band of
field lines on the LCFS. This band, depending on the q
value of the operation, is likely to intersect the opposite
face of the limiter only following multiple toroidal turns
along the LCFS (indicated schematically in Fig. 2(top)
by the bands drawn originating from the limiter tips).
The LCFS thus emerges as a surface with an alternating
combination of narrow zones of open and closed field lines
depending up on the q value of the operation. This can
lead to a significant impact on various aspects of opera-
tions, especially in the steady-state conditions involving
higher power load as considered in the earlier EMC3-
EIRENE studies [27]. Note that depending up on LCFS
being an irrational or rational surface, the q value de-
termines the contrast in the connection lengths in these
alternating zones on the LCFS. For the poloidal limiter
in Aditya (with q = rBt/RBp = 3.3 maximum at the
SOL boundary, r = 25 cm), the above picture must be
correct for all the magnetic surfaces beyond the LCFS
until one reaches a radius where the surfaces begin to

intersect the entire poloidal extension of the limiter, rep-
resented by the surface on the top face of slab in the
schematic Fig. 2(top). The connection length distribu-
tion on the radial-poloidal plane computed using EMC3-
EIRENE shows this variation as drawn in Fig. 3(a) and
(b) at the limiter face φ = 0o and at the toroidal location
diagonally opposite to the limiter location φ = −180o,
respectively. It is additionally seen from Fig.3(a) that,
while the flux surface in the core region have a single
radius of curvature, different from that of the circular
limiter (represented on this plane by the straight line
r = 25 cm), the outer surfaces have an increasing vari-
ation in their radius of curvature in the device, making
some of them intersect the circular limiter at multiple
θ. The SOL region in the device is therefore expected
to be strongly filamented where the filaments have varia-
tions in their dimensions along all the three, toroidal, ra-
dial and poloidal directions. Considering strong parallel
flows in the SOL, an associated complexity in the paral-
lel and cross-field (radial and poloidal) plasma transport
can thus be anticipated in the filamented SOL region
beyond the LCFS. It can be easily realized that the vari-
ation in the poloidal dimension of the filaments would be
far more limited in the case of a discontinuous poloidal
limiter [28] as compared to the present continuous case
where the successive magnetic surfaces beyond LCFS in-
tersect increasingly larger poloidal extension of the ring
limiter. This effectively results in increasing width of
the bands on corresponding flux surfaces similar to those
drawn on the LCFS in Fig. 2(top).

The methodology in the advanced computational in-
vestigation of the SOL transport presented in the present
analysis further extends to utilizing the power of 3D
plasma transport simulation capacity of the code EMC3-
EIRENE and characterizing the effects of this complex
SOL configuration on the plasma transport in the Aditya
SOL. As already mentioned, employing EMC3-EIRENE
simulations allows a large degree of refinement in the
analysis of limited probe measurements that are routinely
interpreted using only a schematic slab model. This is
more obvious from the fact that the EMC3-EIRENE es-
sentially uses a rather accurate slab model based on the
magnetic flux surface data derived from the equilibrium
computations. In case of Aditya SOL it additionally com-
pletes the global picture mostly assumed in the existing
analysis of the measurements, by producing quantitative
transport data in the form of 3D solutions of SOL plasma
transport model implemented in EMC3-EIRENE code
combination. The simulation procedure begins by con-
structing an optimized 3D mesh to adequately represent
and sample the complexities of the SOL and properly re-
solve the effects it produces in the transport of plasma
particles, momentum and energy.

The experimental investigations on the device Aditya
are limited to a few locations largely because of the few
probes located at large enough toroidal distance from
the each of two opposite sides of the limiter and are also
separated considerably from each other in poloidal and
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toroidal dimensions. The conclusions about the local as
well as global gradients based on probe measurements
have therefore been largely approximate as any infor-
mation of the global distribution of the plasma param-
eters must come only from the qualitative assumptions.
These qualitative assumptions in the present computa-
tional analysis are used rather for optimizing the 3D mesh
that must be constructed carefully for producing more
accurate quantitative estimates from the simulations.

Considering, for example, that the poloidal limiter has
a small wetted area, the indications are that strong lo-
calized gradients must develop in zones close to the nar-
row strike point which is sufficiently localized both in
poloidal and radial dimensions on the limiter. The 3D
mesh for EMC3-EIRENE computations therefore must
be constructed with enough resolution in such regions
keeping this strong 3D variation in the view. Depending
on the requirements of sufficient spatial resolution in par-
ticular regions the mesh has also been subdivided in three
toroidal zone with varying resolution of both geometrical
and physical cell sizes, as required for both, solving par-
ticle transport and scoring the Monte-Carlo particles in
order to build up the statistical averages. The view of a
typical set of toroidal-poloidal surfaces forming the torus
is presented in Fig. 2(bottom) showing the varying res-
olution of the geometrical cells. The presence of limiter
is indicated in the Fig. 2 at φ = 0o by drawing the ring
like structure intersecting the outer surface. The physical
cells are constructed by grouping further a finite number
of geometrical cells on the surfaces, together, for an op-
timum quality of statistical averages and their gradients
[3, 4]. This subdivision of the grid in various toroidal
zones and smaller cells, even in the region where no large
toroidal gradients are expected, is required also for an
additional reason, particularly, since the ‘reversible field-
line mapping’ technique [29] adopted in EMC3 requires
convex helical cells in order to avoid mutual intersection
of the cell faces which is possible only for a limited field
line length along the magnetic field lines. The second re-
quirement, as discussed above, comes from the recycling
region around the limiter that needs finer resolution to
resolve larger gradients. As presented in Fig. 2 among
the three zones covering the entire volume of the device
SOL, the zone-I and zone-III are two symmetric zones
with moderate resolution extending from the toroidal lo-
cation φ = ±180o to φ = ±30o, respectively, while higher
resolution is used in a smaller zone-II that extends from
φ = −30o to 30o and in which the limiter is located.
Following the conventional mode of operations in the de-
vice, the left face (or the ion collecting face, facing the

direction −φ̂) of the limiter is located at the center of the
zone-II of the mesh, i.e., at the toroidal location φ=0o.

Using the simplifications which the circular cross-
section of the Aditya plasma allows in comparison to the
case of a diverted plasma [30], the 3D mesh is constructed
with a rather simple, single surface (i.e., SOL-core inter-
face) extending the entire poloidal range and subdivi-
sion is only required along the toroidal direction where

the magnetic configuration is divided into three toroidal
simulation zones for different reasons. This simplicity of
the device and the computational procedure enables the
simulation results to be free from additional complexities
in specially shaped plasmas that are used from the view
points of better stability and control. This brings us to
pointing out that one of the notable advantages of the
implementation of the code to the simple circular plasma
in a working device like Aditya is the scope of a relatively
simpler benchmark of the computational results with the
experimental profiles which are expected to be more an-
alytic in nature considering the inherent symmetries of
the plasma in the device. Since the experimental mea-
surements on the device contain most of the first and
higher order effects, that are absent from the simulation
model presently in use (e.g., drifts and currents), the in-
clusion of these effects in the simulation model in the
near future may possibly benefit from the comparison of
the experimental measurements on the device with the
present simulation results that exclude the higher order
effects generally expected in shaped plasmas.

III. PLASMA-NEUTRAL TRANSPORT MODEL

Originally applied to simulate the edge plasma, the
neutral particle and the impurity transport in full 3D ge-
ometry the code EMC3-EIRENE was developed and ex-
tensively used for simulating routine plasma operations
in intrinsically three dimensional stellarator W7-AS and
other helical devices [31–33]. Over the last few years,
however, the code also found applications in the toka-
mak community [19, 30, 34–38], in particular, tokamaks
with limiter plasmas where either MP (Magnetic Per-
turbation) coils or other elements break the 2D toroidal
symmetry [19, 30, 35, 36, 38]. The version of EMC3
code employed for the present computations implements
a stochastic Monte-Carlo procedure to solve the colli-
sional Braginskii fluid equations and compute transport
of the plasma species. The neutral transport is simu-
lated by the EIRENE code which implements a complete
kinetic model for the neutral particles, whereas the par-
allel transport description is purely classical in EMC3,
anomalous cross-field transport coefficients D, η and χ
are usually assumed as free parameters in the code. Al-
though a Monte-Carlo principle is applied to solve the
equations numerically, the code implements a fluid model
to describe the plasma transport including all the ap-
proximations of the fluid picture. The present version
of EMC3 however includes a less comprehensive set of
atomic processes (volumetric recombination is excluded
for example) and the drifts and flows related to verti-
cal charge separation are not taken into account. In the
view that the objective of the present analysis is rather
to identifying complex but symmetric structure of the
transport driven flows in order to separate the additional
features observable in the actual flow measurements, the
existing level of simplification of the computational pro-
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cedure, which may still allow one to achieve this limited
objective, is tolerated.

On a 3D mesh, constructed following magnetic flux
surface of arbitrary geometry, the set of steady state fluid
equations solved by the adopted version of the EMC3-
EIRENE code includes the balance equations for, density
n, parallel momentum mv‖ and energies of electrons and
ions, Te and Ti, respectively, given as,

∇‖.n~v‖ +∇⊥.(−D∇⊥n) = Sp (1)

∇‖.(mn~v‖~v‖ − η‖∇‖v‖)

+∇⊥.(−mv‖D∇⊥n− η⊥∇⊥v‖)

= −∇‖p+ Sm (2)

∇‖.

(

5

2
nTi~v‖ − κi∇‖Ti

)

+∇⊥.

(

−
5

2
TiD∇⊥n− χin∇⊥Ti

)

= K(Te − Ti) + Sei (3)

∇‖.

(

5

2
nTe~v‖ − κe∇‖Te

)

+∇⊥.

(

−
5

2
TeD∇⊥n− χen∇⊥Te

)

= K(Ti − Te) + See (4)

where the subscripts ‖ and ⊥ indicate vectors along and
across the magnetic field directions with p = n(Te + Ti

). Effects, along the direction parallel to the magnetic
field, of the transport coefficients η, κe ,κi are as pre-
scribed by the classical transport theory by Braginskii,
while anomalous cross-field transport is taken into ac-
count by free model parameters D, χe, χi and fixed vis-
cosity η⊥=minD. Interactions with neutral particles are
taken into account by the sources of particle, momen-
tum and energy associated with neutrals, Sp, Sm, See

and Sei, respectively, which are calculated by coupling
the EMC3 plasma transport computations with the neu-
tral transport code EIRENE. An iterative procedure is
applied to obtain a self-consistent solution for all plasma
and neutral particle parameters.

The SOL plasma transport simulations in EMC3-
EIRENE uses boundary conditions in the form of den-
sity value at the core-SOL interface and the plasma flow
velocity at the target boundaries where the field lines are
incident on the target. The parallel flow velocities of the
species are accordingly set to be the ion acoustic speed
of the species H+ for the present simulations. The paral-
lel transport coefficients have their classical values in the
underlying collisional fluid model of the plasma while the
particle and heat diffusion across the magnetic field are
anomalous and are empirically set to be D = 1 m2/s and
χ = 3D for the present computations, and effect of their
variations are excluded from the present study for sim-
plicity. An effective radial decay length is used on the
radial boundary of the plasma other than targets.

The typical plasma discharges that are considered for

simulations in this study are selected from the exam-
ples where the flow and potential probe measurements
in the SOL are already reported in the earlier studies
[17, 18, 22]. For example, Mach number measurements
were made in the discharges with plasma current, Ip ∼ 25
kA, plasma duration ∼ 25 ms, core electron temperature
∼ 100 eV, center chord averaged plasma density 5× 1012

cm−3, SOL plasma density 5 × 1011 cm−3 using hydro-
gen as working gas [17]. The connection lengths in the
SOL region measure a few tens of meters (>∼ 50 m) as
compared to the ion-ion mean-free-path (∼ 8 − 50 m,
considering Te ∼ 20− 50 eV), allowing the application of
the collisional simulation model. Considering the above
parameters, particularly the loop voltage VL ∼ 2−3 V in
combination with the plasma current Ip ∼ 25 kA, an in-
put power about 60-70 kW is estimated. Since the total
power across the core-SOL interface, P, is a user input
for the EMC3-EIRENE computations which, in turn, de-
termines the total recycling flux and the species temper-
ature distribution in the simulation zone, a fixed value,
P = 60 kW, is used for the cases simulated in the present
computations along with the core-SOL interface density
value 5 × 1011 cm−3. This net power input apart from
determining the scale of the overall 3-dimensional elec-
tron and ion temperature profiles, controls the ionization
profiles via various atomic and molecular processes mod-
eled in the Monte-Carlo neutral code EIRENE which is
coupled with the plasma computations done by the code
EMC3. In the vacuum region beyond the SOL bound-
ary a coarser mesh is used to sample the neutral particle
distributions determined by EIRENE. Computations are
performed to analyze the resulting equilibrium profiles
of plasma parameters, namely, plasma density, electron
and ion temperatures and plasma flow velocities with a
set of prescribed input parameters, i.e., the density at
the core-SOL interface and the input power.

IV. TRANSPORT IN THE FILAMENTED SOL

The code EMC3-EIRENE has successfully been ap-
plied recently to many tokamak SOL where the origin of
3D effects relates to stochastic magnetic fields which is
used in order to effectively modify and control the per-
pendicular transport characteristics [30, 35]. The result-
ing magnetic field perturbations in such intrinsically 3D
setup is capable of causing strong influence on the radial
gradients of the equilibrium plasma parameters as sim-
ulated by 3D computations. The mechanism essentially
works by breaking the toroidal symmetry of the tokamak
that affected the plasma flow in the edge. The mechanism
of the filamentation of the SOL region described above
can potentially result into an analogous setup to result in
the local flow perturbations that interact with the zero
order flows or drifts in the SOL, modifying them follow-
ing interaction between the two flow structures with two
different scales. The local flow perturbations are seen to
be associated with a combination of spatial zones having
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FIG. 4: 2D Radial-poloidal cross-section of the simulated 3D
density distribution at the toroidal locations (a) φ = 0o or
the limiter location and (b) φ = −180o or the diametrically
location opposite to the limiter plane. Radial profiles of the
density on inboard (*) and outboard (o) sides at toroidal lo-
cations (c) φ = 0o and (d) φ = −180o.

a considerably strong variation in the connection lengths
in the SOL, which can be compared to the spatial dis-
tribution of the connection lengths associated with the
region of resonant magnetic perturbations. It is therefore
of general interest to analyze the SOL plasma transport
characteristics in presence of such complex distribution
of connection-lengths in a relatively simpler Aditya SOL
configuration.

In case of a toroidally localized poloidal limiter, as
in Aditya, it must be most reasonable to examine the
simulations results at the location close to the limiter
and farthest from it, i.e., φ = −180o, in order to find
out what degree of contrast exists between these two ex-
tremes since these two toroidal locations correspond to
the recycling zone and the stagnation point, respectively,
and therefore the plasma conditions associated with them
largely determine the global structure of the zero or-
der pressure driven flows. Considering, for example, the
power and particle sources from the core to be approxi-
mately uniformly along the toroidal direction, the energy
and particle fluxes build up beginning from the stagna-
tion point and moving downstream along the toroidal
axis up to the target location from either of the sides
(clockwise or counter clockwise) and the gradients in the
plasma parameters are expected in the entire toroidal
extension of the SOL. The gradients are generally ex-
pected to be sharper in the region of plasma close to
the limiter, even for the uniform sources from the core,
primarily because the limiter at a single toroidal loca-
tion is effectively a strong localized sink of the plasma in
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FIG. 5: 2D radial-poloidal cross-section of the simulated 3D
electron temperature distribution at the toroidal locations (a)
φ = 0o or the limiter location and (b) φ = −180o or the dia-
metrically location opposite to the limiter plane. Radial pro-
files of the electron temperature on inboard (*) and outboard
(o) sides at toroidal locations (c) φ = 0o and (d) φ = −180o.

the SOL. In our analysis of 3D results from our simula-
tions we therefore present and analyze plasma parame-
ters at these two locations as in Fig. 4 and beyond, and in
the following discussion. However, in our effort to estab-
lish correlations between the simulations results and the
probe measurements from the device SOL, we addition-
ally focus and present the data also from two additional
important toroidal locations which correspond to the lo-
cations of probes on the device which are indicated and
described in the Sec. II with the help of Fig. 2.

The plasma density and temperature distributions are
drawn from the 3D simulation data and presented in
Fig. 4 for the plasma cross-section at the toroidal location
φ = 0o and −180o, that correspond to the radial-poloidal
plane formed by the cells just before the left face (fac-

ing −φ̂ direction) of the limiter and those forming the
plane diametrically opposite to the limiter, respectively.
The density distribution at φ = 0o plotted in Fig. 4(a)
shows that the density in the outboard side drops very
sharply to smaller values (< 1012 cm−3) at the radius cor-
responding to the LCFS, r = r0, while at φ = −180o the
density at the outboard side has a gradual fall across the
LCFS location. This drop is elaborated in the 2D plot
profiles of the density in Fig. 4(c) where radial profile
of the outboard density is plotted with circles at limiter
location φ = 0o. Considering a source of plasma from
the core into the SOL, predominantly from the low field
(outboard) side, the density builds up at upstream lo-
cations φ → −180o driving the ∇p flow to the limiter
which acts as a localized sink of the plasma. Consider-
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ing that the poloidal variation in the outboard region at
φ = −180o is slow, comparing the outboard density dis-
tribution at φ = −180o with that at the limiter location,
φ = 0o, as plotted in Figs. 4(c) and (d) using circles, it is
clear that the density values in the SOL region (r > r0)
drop from upstream locations φ = −180o to the down-
stream locations of the limiter φ = 0o. This density drop
could approximately be analyzed using the momentum
equation, Eq. (2), of the underlying model which upon
neglecting, for simplicity, the friction, viscosity etc., in a
1-dimensional setup yields [39],

nu(kTeu + kTiu) =

(

1 +
u2
d

c2s

)

nd(kTed + kTid), (5)

where nu and nd are the density values at upstream and
downstream locations, respectively. Considering further
the conditions with reasonable uniformity in the tem-
peratures over the SOL parallel length and the flow ve-
locity at the targets determined by the Bohm condition,
ud = cs, where cs is the ion acoustic velocity, the reduced
momentum balance (5) prescribes,

nu = 2nd, (6)

describing the drop of about a factor two in the density
between the upstream (stars) and downstream (circles)
locations inside the entire SOL which is the region with
r > r0.

Radial density profiles in the inboard side at these
two toroidal locations are also presented in Fig. 4(c) and
Fig. 4(d) using stars (*). The inboard density at up-
stream location, φ = −180o, away from the limiter, is
seen to resemble the outboard density profile. The up-
stream density (φ = −180o) at both inboard and out-
board sides remains higher than the density for the re-
gion r > r0 at downstream location φ = 0o outboard
side. Strikingly, the radial density at the inboard side
at the limiter location φ = 0o is also seen comparable or
even larger than the densities at the upstream location,
φ = −180o. This is clear from the density in SOL at
inboard φ = 0o, plotted with stars (*) in Fig. 4(c), which
marginally exceeds the density at the location φ = −180o

for same r values, indicating that the inboard side of the
limiter location could correspond to an even more up-
stream location such that the SOL density value tends to
attain a maximum value at this location. In this respect,
the connection length distribution plotted in Fig. 3(a)
indeed shows the inboard poloidal location θ = 180o at
the limiter plane φ = 0o to be a region of longer con-
nection lengths as compared to the inboard region of the
plane φ = −180o plotted in Fig. 3(b). The density max-
imum and an apparent presence of the stagnation region
to the inboard side at the limiter location, φ = 0o, must
result in the poloidal gradients stronger than estimated
assuming φ = −180o to be a more obvious stagnation lo-
cation because of its longer physical separation from the
limiter, as considered for many measurements. Since the

larger density at the stagnation point relates to consider-
able particle source but weaker parallel transport, such a
density maximum at inboard remains a strong possibility
for the cases where the source in the SOL might be sig-
nificant at the inboard (high field) side and comparable
to that in the outboard (low field) side. Considering that
in the present treatment uniform perpendicular transport
coefficients, D⊥ and χ⊥ are employed allowing equivalent
strength of the diffusive source from the core to both the
inboard as well as outboard side, however a weaker par-
allel transport is expected due to symmetry view point
at φ = 0o inboard side, the enhanced density at this lo-
cation in the simulations highlights such a possibility in
the operations where similar conditions are approached.

The additional assumption of an approximate unifor-
mity in the temperature values in the SOL for obtaining
(6) can be verified by examining the corresponding elec-
tron temperature distribution computed in the SOL for
the present set of operational parameters. The electron
temperature distribution is also plotted at the locations
φ = 0o and −180o in the Fig. 5(a) and (b), respectively,
showing similarity in its values to a large extent. In order
to describe the conditions more elaborately, the radial
temperature profiles are presented both in the inboard
and outboard regions of the two locations, φ = 0o and
−180o, in the Fig. 5(c) and (d), respectively. The radial
profiles at all the four locations show very clear similari-
ties indicating the absence of any parallel gradient of the
electron temperature in the SOL and therefore an almost
isothermal flow of plasma to the limiter target in the re-
gion for the present set of parameters, as assumed to
obtain Eq. (6) from Eq. (5). Results presented in Fig. 4
and 5 highlight the basic symmetry and nonlocal struc-
ture of the plasma profiles that in turn determine the
global plasma transport to zeroth order. We now turn to
analyzing various local and small length scale structures
in the profiles that constitute flow structure to first order
in the spatial variation.

With the temperature profiles confirming the estimates
for the density variation across the parallel dimensions of
the SOL, we now explore the flow velocity that must van-
ish at the stagnation point [40]. Profiles of the parallel
Mach number, M , derived from the simulation data are
plotted in Fig. 6(a)-(d). The Mach number at the limiter
location, plotted in Fig. 6(a) approaches its maximum
value M ∼ 1 beyond the LCFS (r > r0) while it drops
to much smaller values inside the core region. Plotted at
φ = −180o, away from the limiter location, M however
drops to much smaller value all over the region but shows
an interesting pattern in its radial-poloidal distribution.
A careful inspection shows signature and effects of this
small but systematic variation also in the core plasma,
however in the plots corresponding to the limiter loca-
tion this variation is dominated by a very high offset of
the unperturbed zero order flow in the SOL which is com-
parable to the ion sound velocity. At upstream locations
like φ = ±180o where the background flow drops to neg-
ligible values in comparison to M → 1 at the target loca-
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FIG. 6: 2D radial-poloidal cross-section of the simulated 3D
Mach number distribution at the toroidal locations (a) φ = 0o

or the limiter location and (b) φ = −180o or the diametri-
cally location opposite to the limiter plane. Radial profiles of
the Mach number on inboard (*) and outboard (o) sides at
toroidal locations (c) φ = 0o and (d) φ = −180o.

tion, this flow perturbation begins to be well resolved, as
in Fig. 6(b). Comparing the Mach number variation with
that in the density in the SOL region (r > r0) it is clear
from Fig. 4(d) and Fig. 6(d) that the plasma away from
the limiter has considerable density but negligible flow
velocity. This plasma develops considerable flow velocity
in its approach to the limiter as clear upon correlating
the outboard profiles in Fig. 4(c) and Fig. 6(c), plotted
with circles. Note that this behavior of the outboard
profiles in the SOL region is in contrast to that of the
inboard profiles (plotted with *) which show that while
the density in the inboard remains high even at the lim-
iter location φ = 0o, the Mach number has vanishing
values, indicating that the flow velocity of the plasma
remains negligible at this location. The result that the
SOL plasma density is marginally larger at this location
in comparison to the inboard side at φ = −180o identifies
this location as further upstream to the latter.

V. COMPARISON WITH THE PROBE

MEASUREMENTS

A quantitative agreement of the simulated profiles with
probe measurements is not expected in the present level
of the study where major reasons for deviation of sim-
ulated results from probe measurements exist, including
(i) simplicity of the model (1)-(4), (ii) a simplistic setup
where limiter is the only plasma sink, and (iii) a rather
ideal, perturbation-free plasma equilibrium represented
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FIG. 7: 2D radial-poloidal cross-section of the simulated 3D
distributions of (a) density and (b) electron temperature at
the location of the top probe at φ = −72o and θ = 90o (top
of the torus). The radial profiles of the density (c) and the
electron temperature (d) from the simulation (*) and from the
fit to data in Ref. [17] obtained from the probe measurements
(triangles) at the above location.

by the 3D mesh. However, a qualitative comparison is
attempted with recently reported probe measurements of
the radial density and temperature variation in the SOL.
As discussed in Sec. I, although qualitative in nature, the
present simulation results can serve as a stronger global
model in comparison with the schematic considerations
that are routinely used for the interpretation of the probe
measurements available only at limited locations. Sim-
ulation data for these quantities extracted from the lo-
cations corresponding to the first probe, toroidally −72o

away from the limiter in the zone-I and at a poloidal
angle about 90o towards the top from the mid plane,
is presented (using stars) along with the measured val-
ues (using triangles) in Fig. 7 (c) and (d), respectively.
Fig. 7(a) and (b), show the corresponding complete 2D
radial-poloidal distributions simulated of the density and
temperature, respectively. A similar set for the second
probe location, φ = 54o and the poloidal angle θ = 45o

towards the top from the midplane, is presented in Fig. 8
(a)-(d), respectively. As seen from Fig. 8(c), the simu-
lated density profile shows a near-agreement with the ex-
perimental measurements, however, such a quantitative
agreement remains limited only to the far SOL region
(large r − r0). The deviation between the two in rest of
the region is mainly from the reason that the SOL plasma
in the simulations has an interface with a rather simplis-
tic core plasma which the present model (optimized for
SOL) is capable of simulating. In comparison to this,
the SOL plasma in the experiments is coupled to a more
realistic core plasma having many complex attributes.
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FIG. 8: 2D radial-poloidal cross-section of the simulated 3D
distributions of (a) density and (b) electron temperature at
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fit to data in Ref. [17] obtained from the probe measurements
(triangles) at the above location. (d) The radial profiles of
the electron temperature from the simulation (*) at the above
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The simulated Mach number values at these two probe
locations are similarly compared with the radial profiles
of the Mach number values measured in the experiments
in Fig. 9. Both in the measurements and in the sim-
ulations the magnitude of Mach number at these two
probe location has value in an intermediate range as com-
pared to the two limiting locations, i.e., far upstream
(φ = −180o) and downstream (limiter location φ = 0o),
where the Mach numberM in the simulations approaches
values vanishingly small and 1 (flow velocity comparable
to the sound velocity), respectively, as seen in Fig. 6(d)
and (c). Among the major additional first order effects
expected in the rather simplistic set up of Aditya SOL
plasma, that are absent from the simulation and there-
fore likely to be the source of deviation in the simulated
Mach number profiles, are: (i) the Er × Bθ drift due
to the radial electric field across the SOL width arising
from the variations in the plasma floating potential and
the electron temperature, (ii) The Pfirsch-Schluter cur-
rent and flow arising from charge separation generated
by the curvature effects (given that the top and bottom
locations are magnetically connected through the SOL
volume in Aditya unlike the SOL formed by a toroidally
continuous divertor), and (iii) the Ballooning transport
effect similar to that in the SOL of a single null divertor
tokamak where inboard and outboard SOL regions are
magnetically connected, much like in the Aditya SOL.

The simulated M profiles could be compared with the
usual measurements of the Mach number [17, 18], as in
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FIG. 9: 2D radial-poloidal cross-section of the simulated 3D
distributions of the toroidal Mach number at the location of
(a) the first probe at φ = −72o and θ = 90o (top probe).
and (b) the second probe at φ = 54o and θ = 45o (radial
probe). (c) The radial profiles of M from the simulation (*)
and from the fit to data in Ref. [17] obtained from the probe
measurements (triangles) at the first probe location. (d) The
radial profiles of M from the simulation (*) and from the fit
to data in Ref. [17] obtained from the probe measurements
(triangles) at the second probe location.

Fig. 9, for the configuration where both, the magnetic
field B and the plasma current Ip, are clockwise (CW,
CW) when seen from the top [22]. The points (triangle)
in Fig. 9 (c) and (d) correspond to the routine observa-
tion in Aditya SOL that - on the first probe the M value
is large positive (≡ clockwise when seen from the top)
while on the second probe flow is small positive. This is
consistent with a clockwise drift contribution in the Mach
number, +Md, at both probe locations and the contribu-
tions of the transport flow values ±MT at the first and
second probe locations, respectively, with |Md| > |MT |
(here the negative sign corresponds to counter-clockwise
direction) such that the Mach number values at the first
probe are,

MCW
I = Md +MT (large positive), (7)

while at the second probe,

MCW
II = Md −MT (small positive), (8)

as correctly expected in this set up, where superscript
‘CW’ indicates the measurements in the configuration
(CW, CW). A more recent set of experimental obser-
vations, using the technique of reversal of the orienta-
tions of both the magnetic field B and the plasma cur-
rent Ip to counter clockwise direction (CCW, CCW),
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Ref. [22, 41, 42], has indicated that the drift effects might
indeed constitute a dominant part of the net plasma flow
in the device SOL. This reversal of both B and Ip is
additionally reported to cause the net toroidal flow mea-
sured at the first and second probe locations to be ‘small
positive’ and ‘small negative’, respectively, which is in de-
viation from the expected result (considering that up on
such a reversal the drift contribution becomes counter-
clockwise, Md → −Md, while MT is unaffected) that at
the first probe location,

MCCW
I = −Md +MT (small negative) (9)

while at the second probe,

MCCW
II = −Md −MT (large negative) (10)

This deviation from (9) and (10) in the probe data shows
that, if the drift magnitude is indeed unchanged, the
transport components measured by two probes may have
an imbalance in the magnitude, in at least one of the two
experimental set ups with different orientations. This
imbalance can be attributed either to a net rotation of
the plasma [43] or the fact that the probes are at dif-
ferent poloidal locations and sample the strong poloidal
nonuniformity of the transport driven flows as computed
in the present EMC3-EIRENE simulations as discussed
further in the Sec. VI.

In the light of above discussion, the simulation re-
sults and their comparison with the measurements pre-
sented above provide quantitative inputs and feedback
for systematically including various additional effects of
the drifts and flows in the model (1)-(4) in the ad-
vanced phases of the Aditya SOL transport modeling
using EMC3-EIRENE. In general, considering that the
process of refinement of the SOL simulation model re-
quires a thorough benchmark with the experimental mea-
surements carried out in rather simpler geometries, the
Aditya plasma presents an ideal setup with its simplis-
tic circular plasma cross-section and an associated SOL
with equally simpler and easy to interpret drift structure.
The presented comparison from the first phase of EMC3-
EIRENE simulation for Aditya and advanced phases of
this activity is also expected to generate important in-
puts for the process of SOL modeling.

VI. FLOW MODULATIONS IN THE SOL

The 2D distribution of the parallel Mach number M at
the far upstream and probe locations presented in Sec. IV
and V show a predominant modulation in the value along

the poloidal (θ̂) direction in the region of SOL. This is
evident in the form of a systematic pattern in the 2D sur-
face plots of M that are nearly anti-symmetric about the
inboard midplane, or the poloidal angle θ = 0o. From
the associated radial profiles presented in Fig. 9 and 6
approximate magnitude of this modulation can be esti-
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FIG. 10: (a) Distribution of the parallel connection lengths,
Lc(r, θ), on the radial-poloidal plane at the far upstream
toroidal location φ = −180o. (b) Radial profile of the connec-
tion length in the SOL for above toroidal location, at poloidal
locations θ = −180o (inboard), θ = 0o (outboard), θ = 45o

(radial probe angle), θ = 90o (top probe angle), respectively.

mated to be about 0.1 to 0.2, i.e., the flow strength of
about 10 to 20 % of the ion sound velocity. Since the M
changes sign along θ the relative flow velocity between the
two parallel streams of plasmas can approach up to 40 %
of the ion sound speed. Further, at the toroidal locations
close to the limiter (e.g., in Fig. 6(a)) the modulation
is fairly dominated by a large offset in M value present
beyond the limiter radius due to a strong radial jump
in the M value to 1 from a vanishing bulk value while
at the smaller radius remains visible due to absence of
such an offset. Similarly, at the toroidal locations away
from the limiter (e.g., in Fig. 6(b)), where no region of
large M value offset is present, the modulations are visi-
ble throughout the SOL region. Let us now consider the
fact thatM value is the only function which is free from a
large offset in certain regions of the plasma and therefore
allows the modulations to be visible in the distributions
plotted in such regions. The presence of structures in the
flow profiles can readily be attributed to a complex dis-
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tribution of connection length values in the SOL region
as plotted on one of the 2D cross-sections (φ = −180o) of
the torus presented in Fig. 10(a) where the presence of a
wider transition region for connection length from a min-
imum value (Lc ∼ 2πR±r0) to very high value is evident
having a finite poloidal variation. This transition region
ranges from the LCFS to the far SOL region. As seen
from the radial profiles of the connection length plotted
in Fig. 10(b) the radial jump in the connection length
value is sharpest in the radial profile corresponding to
the outboard poloidal location θ = 0o, while at other
poloidal locations it occurs over a much wider range of
radii, covering almost the entire width of the SOL, for ex-
ample, in the profiles corresponding to the inboard side
(θ = −180o) and at the probe locations (θ = 45o and
90o). Moreover, the connection length value is seen to
have a radial fluctuation for the profile corresponding to
θ = −180o plotted with ‘∗’ in Fig. 10(b).

The equilibrium forms of continuity of particle and mo-
mentum suggest that associated with the modulations
recovered in the equilibrium Mach number values M ,
the modulation must be present in the plasma density.
Such density modulations however remain rather invisi-
ble, both from the radial profiles and the 2D distributions
of the plasma density, mainly due to the reason that a
large density offset is present everywhere and, unlike the
Mach number variation, there is no region in the SOL
where the unperturbed density value vanishes and the
small amplitude density modulations begin to become
visible.

The poloidal variation along the LCFS in the M val-
ues at the toroidal locations φ = −180o (far upstream)
φ = −72o (top probe) φ = 0o (limiter) and φ = 54o

(radial probe) are presented in the Fig. 11 where a quasi-
periodic variation is seen to exist in the Mach number
values which is nearly antisymmetric about the inboard
midplane, except a poloidal shift in the point of symme-
try due to the finite q-value at the LCFS. The M values
at the probe locations, (φ, θ) =(−72o, 90o) and (54o, 45o)
are such that they must have positive and negative con-
tributions in the Mach number measurements by the top
and radial probes, respectively, (effectively, the MT val-
ues in Eq. (7)-(10)). This to a large extent explains
the difference in the positive values in the Mach num-
ber measured in the experiments by both these probes,
since these contributions from pressure driven transport
must effectively be added to the large positive contri-
bution coming from the Er × Bθ drift and the Pfirsch-
Schluter (PS) flow values which are the additional effects
absent from the simulation model. The parallel Mach
number M value for the limiter location, φ = 0o, has
a modulation comparable to other toroidal angles every-
where except in a small poloidal range about θ = 0o

which corresponds to the position of the plasma strike
point on the limiter and where the M jumps to a con-
siderably high value (∼ 0.7 − 0.8). Although LCFS is a
surface with closed field lines, the plasma in this poloidal
range (−16o < θ < 22o) acquires a large parallel velocity

−180 −90 0 90 180
−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

θ (deg)

M

 

 
φ=−180
φ=−72
φ=0
φ=54

−180 −90 0 90 180

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

θ (deg)

M

 

 
φ=−180
φ=−72
φ=0
φ=54

(a) SOL

(b) LCFS

FIG. 11: Simulated poloidal variation of Mach number M (a)
in the SOL and (b) on the LCFS, at the toroidal locations
corresponding to the far upstream (φ = −180o), top probe
(φ = −72o), limiter (φ = 0o) and radial probe (φ = 54o).

via a perpendicular diffusion of the parallel momentum
(finite perpendicular viscosity η⊥ ∼ minD in Eq. 2) from
the plasma on the next magnetic surface that belongs to
SOL and has a flow approaching M = 1 due to presence
of limiter with narrow striking zone having almost same
poloidal extension. It can be noted that this poloidal per-
turbation is very sharp at the toroidal location of the lim-
iter and localized in the region of the plasma strike-point,
it is however more diffused at relatively downstream lo-
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FIG. 12: The distribution of plasma Mach number on
toroidal-poloidal magnetic surfaces with increasing radius in
zone-II. Plots (a) - (d) correspond to radial index, nr = 28,
35, 45 and 52 respectively, the circular outer radial boundary
of the simulation zone corresponds to nr = 72 for zone-II.
The lighter patches at φ = 0o represent the part of limiter
ring intersected by the surface.

cations once again due to effect of a finite perpendicular
viscosity η⊥. The variation in the simulated Mach num-
ber at both the probe locations also corresponds to the
magnitudes of the M measured in the experiments which
recovered a variation indicating the transport component
relatively smaller at the top probe as compared to the
radial probe. A secondary peak in the Mach number
distribution in the SOL profiles (plotted in Fig. 11(a))
is attributed to increasing magnitude of the marginally
asymmetric ripples in the magnetic flux surfaces of higher
radial index (originating from the square configuration of
the toroidal field coils about the vessel) which are likely
to intersect the limiter at multiple poloidal locations (see
Fig. 3). However the plasma density on these radially
outer surfaces is considerably smaller as compared to the
LCFS values in the profiles plotted in Fig. 11(b), the
plasma Mach number there must approach its boundary
value, M = 1, causing the additional peak.

In order to illustrate the toroidal form of the struc-
tures whose poloidal variation is visible in the Mach
number distributions presented in Fig. 6 and 9, we have
presented in Fig. 12 the distribution of M on various
toroidal-poloidal planes located in the zone-II that are
separated radially and include the magnetic flux surface
representing the LCFS in the simulation (i.e., the sur-
face containing cells which have first intersection with
the limiter). In Fig. 13, we have plotted the poloidal
profiles of the density along the LCFS using the same set
of selected toroidal locations as used for Mach number M
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FIG. 13: Simulated poloidal variation of density ne (a) in
the SOL and (b) on the LCFS, at the toroidal locations
corresponding to the far upstream (φ = −180o), top probe
(φ = −72o), limiter (φ = 0o) and radial probe (φ = 54o).

in Fig. 11, i.e., φ = −180o (far upstream) φ = −72o (top
probe) φ = 0o (limiter) and φ = 54o (radial probe). At
the limiter location, φ = 0o, the poloidal variation of the
density is very sharp with a net drop ∼ 2 × 1012 cm−3

which confirms with the drop of density from upstream
to downstream locations by a factor of 2 as prescribed
by the Eqs. (5) and (6) obtainable from the simulation
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model. The density profiles at both the probe locations
and the location φ = −180o show density values much
larger compared to the limiter location and also show
a very systematic poloidal variation of quasiperiodic na-
ture.

We observe that for the simulations performed keeping
in view a selected discharge scenario, while parameters
like edge density or recycling flux can be varied with a
limited freedom, the information of the magnetohydro-
dynamic equilibrium is frozen in the 3D mesh used to
perform the transport computation. Since the toroidal
magnetic field and plasma currents determine the MHD
equilibrium and, in turn, the 3D mesh or q values for the
computations, the observed flow structures whose topol-
ogy is largely determined by the plasma q can be con-
sidered unaffected over a considerable range of plasma
parameters like density and additional flows that are rou-
tinely recovered in the experiments. The flow structures
present an example of the possible impact of the modi-
fied slab model, which must replace its former schematic
version, and is required in order to interpret the present
simulation results that accounts for the relative curvature
of the equilibrium magnetic surfaces and the poloidally
continuous limiter. The flow structures must form as the
finite relative curvature between LCFS and limiter leads
to surfaces that are partly open since they have a small
poloidal intersection with the poloidal limiter of a differ-
ent curvature. An additional condition for the existence
of structures is an appropriate ratio of the strength of
the parallel and perpendicular transport processes in the
SOL region such that the limiter shadow is a toroidally
extended sink of the plasma. In this view the impact
of perpendicular transport coefficients on the structure
topology needs to be analyzed in further detail in future
studies.

An already expected consequence of the observed fila-
mentation of the parallel flows in LCFS region and the
associated poloidal modulation in the density is their di-
rect impact on the continuity of the flow shear in the
edge region. The simulated flow profiles and their im-
pact, via an associated density modulation capable of
generating secondary drifts, are likely to contribute to
the divergence of the routinely expected drift and flows,
including those measured in Aditya SOL. Although the
effect of these drifts are absent from the present simu-
lation model, the perturbations in their intensity arising
from the secondary drifts generated by the density modu-
lations can be readily estimated from the present simula-
tion data. For example, given that both the temperature
and density profiles are available from the simulations to
lowest order, the intensity of the radial component of the
diamagnetic current density arising the poloidal pertur-
bations present in resulting pressure profile can be given
on the LCFS as

jd =
B×∇n(Te + Ti)

B2
. (11)

Considering that both the radial and poloidal compo-
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the radial diamagnetic flow vdia normalized to the ion sound
speed cs, in the SOL region at the first probe location (top
probe) φ = −72o, θ = 90o.

nents of the plasma pressure is finite in the separatrix
region, possibility of both the poloidal and toroidal flow
generation may be discussed due to static flows as well as
the associated Reynolds stress effect [44–46] that requires
finite correlations 〈δMiδMj〉, where index i 6= j represent
directions. The poloidal component of the pressure gradi-
ent, ∇θp, associated with the poloidal component of the
density gradient, ∇n, (plotted in Fig. 13) is presented in



15

δn

1.0

−1.0

0

net PS, ExB
φ

θ

LCFS SOLCore

r

B

M,

j
d

j
d

FIG. 15: Schematic view of the vorticity generation by dia-
magnetic flow arising from the SOL flow structures.

Fig.14(a). This poloidal pressure perturbation in combi-
nation with the toroidal magnetic field B is estimated to
produce a finite radial component of the diamagnetic cur-
rent density, jdr, given by (11), which is expected to re-
sults in the formation of zones of self-terminating diamag-
netic flow in the SOL [24] whose dimensions must scale
with the spatial scale of the parallel flow structures. The
variation in the SOL of the intensity of the resulting ra-
dial diamagnetic drift, vdia, normalized to the ion sound
speed cs is plotted in Fig. 14(b) as computed using (11)
and the analytic fit to simulated density data (Fig. 14(a))
at the location of the first probe. Note that this normal-
ized radial diamagnetic flow velocity may attain a con-
siderable value, comparable to the parallel Mach number
M , at the poloidal locations of the maximum shear (e.g.,
θ = 180o) in the parallel flow generated due to the SOL
flow structures.

Since the radial diamagnetic drift splits the flow in
poloidal zones, it enters the flow continuity with the pri-
mary parallel flows in the SOL, namely the Er ×Bθ and
PS flows, to generate a finite vorticity in the net SOL
flows which are originally along the magnetic flux sur-
face but must cause a net cross field transport in presence
of flow structures generating the diamagnetic flow. This
mechanism is illustrated in further detail in the schematic
diagram presented in Fig. 15 where the poloidally alter-
nating diamagnetic flows are shown to be responsible for
generation of a density perturbation δn, which, in turn,
produces an extra cross-field circulation in the above par-
allel SOL flows via generating jd given by Eq. 11. This
process must affect the degree of turbulence in the SOL
influencing the cross field diffusivity D⊥ in the region.
Since this mechanism is localized in the SOL and the
generated jd decays in approach to LCFS, a finite effect
of this process can therefore be expected on the ratio of
perpendicular (anomalous) diffusivities, D⊥edge/D⊥SOL,
in the edge and SOL regions which is among key parame-

ters determining the pedestal properties. The strength of
the structures therefore directly relates to strength of the
radial electric field or the edge transport barrier since a
jump in the D⊥ across the LCFS is strongly correlated to
the pedestal height. We finally discuss that though the
present simulations prescribe the equilibrium parameter
profiles, the stability of these equilibria is subject to de-
tailed stability analysis. While the considerable parallel
and perpendicular flow shear recovered in these equilib-
rium profiles is likely to make them unstable with respect
to various shear driven instabilities, the quasi periodic
poloidal perturbation of the flow can be a potential trig-
ger for the equilibrium modes and similarly for the in-
stabilities of a strong interface at the LCFS that result
into processes involving large scale radial flows, like blob
formation.

VII. SUMMARY AND CONCLUSIONS

We presented detailed analysis of the results of 3D
plasma transport simulation in the SOL generated by
a poloidally continuous and toroidally localized ring-like
limiter in the tokamak Aditya having a circular plasma
equilibrium. The analytic model underlying EMC3-
EIRENE simulates flows driven by the diffusive source
from the core and resulting pressure gradients driving
the net plasma flow to the narrow strike-zone at the low-
field-side of the limiter that acts as a localized sink of the
plasma. These results allow exploration of strength and
structure of the drifts and curvature driven flows up on
comparison with the probe measurements on the device
since signatures of these features are additionally present
in the probe measurements. The 3D computation results
having a global character complement the limited but
sufficiently robust probe measurements available from a
set of 3 probes mounted at the known locations on the de-
vice SOL. The EMC3-EIRENE transport computations
being based on 3D mesh drawn from an MHD equilib-
rium data allow systematic improvement in existing in-
terpretation of the probe data where a rather schematic
slab model had been in use for representing the 3D SOL
region [17, 18, 22].
The major conclusions from the present analysis in-

clude that (i) there is a significant drift and curvature
driven flow contribution in the probe measurements. (ii)
The recent experimental efforts to extract the transport
driven flow from the net flow measurements (by affecting
a helicity reversal in the magnetic configuration) can be
refined to a great extent by identifying and systemati-
cally compensating the additional strong poloidal vari-
ation present in the probe measurements drawn from
the probes since they are located at significantly differ-
ent poloidal locations from each other. It is apart from
a desired toroidal separation introduced between these
probes in order to produce a self-compensating helicity
dependence in the drift components measure by them in
order to obtain the transport driven flow using their av-
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erage measurements. (iii) The radial-poloidal filamented
structure of the transport driven flow shows an associated
poloidal variation in the plasma parameters allowing one
to estimate the pressure variation and the resulting self-
terminating diamagnetic flows in the SOL. Similarly, the
associated diamagnetic drift estimates indicate possible
presence of significant level of modulations in the known
SOL flows in the device SOL affecting the nature of radial
transport in the SOL region with respect to that in the
adjoining edge region. These modulations influence, in
turn, the relative degrees of anomalous transport across
the LCFS region or the pedestal location. (iv) The anal-
ysis also indicates the possibility of observed flow modu-

lations being strong enough to trigger the instabilities of
the equilibrium and affect the overall confinement prop-
erties in the edge and pedestal region.

Finally, the present comparison of the results of 3D
EMC3-EIRENE simulations for the simplistic circular
plasma configuration of Aditya obtained using an ana-
lytic model, that excludes the drift effects, with the ro-
bust probe measurements made on the device, must pro-
duce important inputs in order to benchmark and fine-
tune the analytic modification required in the computa-
tional model account for the drift effects with sufficient
accuracy.
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