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Methods for density control are of critical importance for future long pulse tokamaks. The EMC3-EIRENE
code is being used to investigate the applicability of 3D non-axisymmetric fields for density control in standard
and advanced divertor configurations in spherical tokamaks. Part of this effort is understanding Scrape Off
Layer (SOL) transport mechanisms once axisymmetry is broken. Unique experimental measurements of SOL
flow structures at the Mega Ampere Spherical Tokamak (MAST) present an ideal laboratory for comparison
between experiment and modeling. A Coherence Imaging Spectroscopy (CIS) diagnostic was deployed for
the MAST 2013 scientific campaign, during which flow measurements were taken of high field side fueling
experiments that show the appearance of field-aligned flows around the center column. EMC3-EIRENE
simulations are in good agreement with these measurements, and in tandem with 1D analysis show that the
code captures the fundamental dynamics underlying the observed behavior. Neutral fueling of a flux tube
creates a local plasma source, this drives a local increase in static plasma pressure, which in turn leads to a
flow away from the particle source in that flux tube. Cross field diffusion then damps these parallel flows.

PACS numbers: 52.25.Fi, 52.25.Jm, 52.30.Cv, 52.55.Fa, 52.65.Kj, 52.65.Pp, 52.70.Kz

I. INTRODUCTION

Methods for density control are of critical importance
for future long pulse tokamaks. This is complicated by
proposed solutions to damaging transient heat loads such
as 3D magnetic perturbations1–3. These changes to the
magnetic fields will induce flows in the Scrape-Off-Layer
(SOL), and change plasma conditions in regions impor-
tant for neutral fueling4. The EMC3-EIRENE code (Sec-
tion II B) is being used to investigate the impact of these
3D non-axisymmetric fields for density control in stan-
dard and advanced divertor configurations in spherical
tokamaks. It is necessary to understand SOL transport
mechanisms once the axisymmetry in a system is bro-
ken, and modeling can enable the identification of the
core physical mechanisms at work.

Additionally, due to the prominence of the Plasma-
Material Interaction challenge in future tokamaks, cur-
rent experimental facilities are increasingly focusing on
new diagnostics and methods of measuring important
plasma parameters in the SOL and divertor regions. The
Mega Ampere Spherical Tokamak and its forthcoming
Upgrade (MAST and MAST-U respectively) have a par-
ticular focus on novel divertor scenarios and exhaust
physics. As a result, MAST and MAST-U are a natu-
ral fit for these larger EMC3-EIRENE studies. In par-
ticular, unique experimental measurements of SOL flow
structures at MAST are an ideal laboratory for compar-
ison.

a)iwaters@wisc.edu; 3dpsi.engr.wisc.edu

II. METHODS

A. Coherence Imaging Spectroscopy

A Coherence Imaging Spectroscopy (CIS) diagnostic
was deployed for the MAST 2013 scientific campaign to
measure impurity ion flows in the SOL and divertor5.
CIS is based on narrow-band imaging Fourier transform
spectroscopy, which can provide time-resolved 2D imag-
ing of emission line brightness, width and center wave-
length over wide fields of view6,7. Flows are measured
using CIS by measuring the Doppler shift of impurity ion
emission lines. The large amount of spatial information
provided by this technique makes it ideal for studying
localized and dynamic phenomena in the plasma edge.
During the 2013 MAST campaign the CIS instrument
was used to study flows in both the main chamber SOL
and divertor, using C+ (514.2 nm), C2+ (464.8 nm), and
He+ (468.6 nm) spectral lines. By imaging in the dif-
ferent impurity lines, flow structures in different depths
of the SOL can be accessed, based on which lines local
plasma temperatures were exciting: flows deeper in the
plasma could be imaged in He+ whereas in the outer SOL
C+ was most emissive.

When observing C2+ flows at the high field side (HFS)
SOL near the midplane, a particularly striking observa-
tion was the formation of field-aligned flow structures un-
der certain conditions, with neighboring flux tubes show-
ing flow in opposite directions around the center column.
Specifically, when Deuterium gas fueling from a valve at
the inboard midplane was used and the distance from the
gas valve to the plasma separatrix according to EFIT was
sufficiently small (< 2.5cm), such patterns were robustly
observed to form, with such data obtained in 45 pulses.
An example of an image from the CIS instrument of such
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flows is shown in Figure 1. Parallel flow velocities esti-
mated from this data are typically in the range 5 - 25
km/s.

B. EMC3-EIRENE Modeling

The EMC3-EIRENE code was then deployed to bet-
ter understand these novel measurements of high field
side structures. EMC3-EIRENE is a fluid edge plasma
code coupled to EIRENE–a kinetic transport code for
neutrals. While originally designed for inherently 3D
magnetic systems (e.g. stellarators8), EMC3-EIRENE
has also been used for 3D perturbations to largely ax-
isymmetric systems (e.g. tokamaks with applied reso-
nant magnetic fields9–11), and–of particular interest for
this work–has the capability to include non-axisymmetric
fueling sources. With work towards increasing complex-
ity with respect to the 3D nature of plasma devices–like
fueling12, impurity seeding13, and even localized heating
by ECRH12–in EMC3-EIRENE simulations, it is impor-
tant to validate that the code captures the core physics
that drive SOL exhaust.

A series of simulations was carried out that included
the full toroidal and poloidal extent of the MAST edge
plasma. Neutral particles were then thermally sourced
from a single location on the center column. Additional
fueling via neutral recycling from plasma facing compo-
nents was then self consistently adjusted to maintain a
constant user defined density at the inner surface bound-
ary of the modeling domain. Power and inner simulation
boundary density were held fixed while neutral puffing
rates, and cross-field terms were varied. Unless otherwise
noted simulations were carried out without parallel vis-
cosity terms. These simulations showed good qualitative
agreement with experiment in that the same field-aligned
flows were observed around the center column when HFS
neutral fueling was included as shown in Figure 1.

Important plasma parameters such as flow, tempera-
ture, plasma density, and plasma source density can be
extracted along an entire field line to get a better picture
of steady state plasma behavior in the parallel direction.
Irrespective of the neutral puffing input rate, similar fea-
tures are seen in the evolution of the flow in the flux
tube. All fueling cases are characterized by a highly lo-
calized plasma source, and–as shown in Figure 2–a rapid
increase in parallel flow away from the source location
in both directions along the field line. This is followed
by a more gradual decay of flow further along the field
line. The ionization of neutrals results in a local drop
in plasma temperature and an increase in density which
results in static plasma pressure (p = n ∗ (kTe + kTi))
increasing dramatically (Figure 2.a) in the region of the
neutral puff, resulting in pressure driven flows along the
field lines (Figure 2.b).
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FIG. 1: Image from CIS diagnostic showing field
aligned structures in CIII+ with color showing the

measured velocity (left) with EMC3-EIRENE
simulation showing qualitatively similar field aligned

flows in the bulk plasma (right).
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FIG. 2: Static plasma pressure (a) and parallel plasma
flow (b) along a field line launched from immediately in

front of neutral puffing site (Z = 0.0 cm, φ=0.0, R =
19.6 cm). Highly localized plasma pressure spike drives

plasma flow away from neutral puff.

C. 1-D Models

To better understand the features of the EMC3-
EIRENE results, comparative modeling was carried out
using a 1D isothermal fluid model (see4 Chapter 10.2).
However, to more clearly understand the behavior of the
underlying functions, we move into a unit less formu-
lation of the functions for density (n(x)) and velocity
(u(x)):

ρ(ξ) =
n(x)

nbg
,M(ξ) =

u(x)

cs
(1)
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And introduce the modeling parameter:

αS =
S0

nbgcs
(2)

Where we define nbg as some prescribed background den-
sity, cs as the sound speed, L as a perturbation scale
length, ξ as a unit less length parameter equal to x/L,
and S0 as the source strength of a Gaussian function.

The isothermal model can then be expressed as a cou-
pled pair of Particle (Eq. 3) and momentum (Eq. 4)
conservation equations in an infinite flux tube:

d

dξ
(ρM) = αS

e
−ξ2

2

√
2π

(3)

d

dξ
(ρM2 + ρ) = 0 (4)

In this ideal model, a localized particle source leads to
pressure driven flows that stabilize and remain constant
in these infinite flux tube conditions. It is interesting to
note that in this unit less formulation, in a diffusion-less
flux tube the value of ρ(ξ = 0) must be greater than the
source parameter αS or the flow solution will reach an
unphysical singularity where M = 1. This is a reflection
of no steady state solution existing for this scenario in an
isothermal plasma4.

This is not what we see in the EMC3-EIRENE simu-
lations when looking along a single field line. To better
understand this behavior in the more complex simula-
tion, complexity is added back into the 1D model with
the addition of cross field terms. The ansatz is made that
the perturbed field line, where a plasma source is being
added, interacts with a background field line with zero
flow and a fixed density. The perturbed field line then
loses momentum and particles at some rate D⊥, over
some scale length δ, and is proportional to the difference
between the quantity (density or flow) on the two field
lines. We can then define a diffusion parameter for our
unit less equations:

αD =
D⊥L

δ2cs
(5)

Which we then introduce back into new particle (6) and
momentum (7) conservation equations:

d

dξ
(ρM) = αS

e
−ξ2

2

√
2π

+ αD(1− ρ) (6)

d

dξ
(ρM2 + ρ) = −αDρM (7)

These equations can then be solved by setting input
parameters of αD and αS , and treating the equation as
a boundary value problem. At some distance from the
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FIG. 3: Solving Eqs. 6 and 7 self consistently while
imposing initial conditions on ρ at ξ = 50 and on M at
ξ = 0 in an infinite flux tube. Shows good qualitative
agreement with EMC3-EIRENE results in Figure 2.

stagnation point (many times the length scale of the per-
turbation, e.g. ξ = 50), it is assumed that the density
parameter ρ(ξ) is equal to or very close to one (i.e. that
the density returns to the background value at some very
large distance from the perturbation). Then, we apply
the ansatz that the flow speed M(ξ) = 0 at the stagna-
tion point (ξ = 0) goes to zero. With these boundary
conditions numerical methods can be used to find self
consistent steady state solutions for ρ(ξ) and M(ξ) that
are symmetric about the location of puffing.

Figure 3 shows the results of this process for αS = 1
and αD = 1

5 (i.e. kT = 25 eV, L = 1 cm, D⊥ = 1

cm2/s, and δ = 1 cm) using the shooting method and an
initial value of ρ(ξ = 50) = 1.0. The flow locally peaks,
and then exponentially decays along the field line until
reaching the equilibrium values.

III. RESULTS

A. Impacts of Different Neutral Puffing Rates

To further investigate the 3D edge, it is useful to look
not only along a single field line as in Fig. 2, but along a
set of neighboring field lines to build a ribbon of plasma
information. This ’flux ribbon’ provides a cross section
of the behavior in the flux tube from the area immedi-
ately in front of the neutral puffing location, to areas
deeper into the plasma. By launching field lines from
sufficiently close positions (1 mm from point to point)
and constraining our investigation to within 4 meters of
the neutral puffing along a field line, geometric impacts
of flux expansion can be ignored.

Figure 4 shows a series of these flux ribbons for 4 differ-
ent fueling scenarios, from no neutral puffing, to a puff-
ing rate of 6.2 × 1020 neutrals per second from a single
point. The figure shows bulk plasma flow in normalized
Mach units. The intense localized plasma source caused
by the neutral puffing drives strong flows. However, the
peak flow location and overall structure of the flows isn’t
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FIG. 4: Flow for 4 fueling scenarios in EMC3-EIRENE simulations ((a) = no neutral fueling, (b) = 6.2× 1019

atom/s, (c) = 3.1× 1020 atom/s, (d) = 6.2× 1020 atom/s). Increased fueling drives increasingly strong parallel flows.

impacted by the puffing rate. Additional neutrals be-
ing introduced into the plasma only change the overall
magnitude of the flows.

B. Cross Field Diffusion Driven Flow Decay

Simulations were also carried out in EMC3-EIRENE
with different cross field diffusion rates (D⊥[m2/s] = 0.1,
0.3, and 1.0, and χ⊥ = 3D⊥), but with fueling and in-
ner simulation densities kept constant. Field line profiles
(starting at the point Y = 0.0 cm, Z = 0.0 cm, R = 19.9
cm, i.e. 3 mm in front of the puffing location and the
middle column of data in Figure 4) of flow are shown for
the three diffusion values in Figure 5. It can be seen that
in the major toroidal direction, the high diffusion coeffi-
cient case decays to 20 km/s almost 50% sooner than the
lowest diffusion coefficient. In general, the equilibrium
(and thus the EMC3-EIRENE simulation) does not have
up-down symmetry. Thus, the field line is encountering
different plasma parameters in the one direction (up the
center column) versus the other direction (down the cen-
ter column) and this difference in the background plasma
may be responsible for observed asymmetries.

Figure 5 also shows a case where the parallel vis-
cosity term in the EMC3-EIRENE equations–typically
omitted–is re-introduced into the simulation for the
D⊥ = 0.3 m2/s case. We retain the same qualitative
result for the flow with parallel viscosity included. How-
ever, the addition of this viscosity term does lead to a
decrease in the peak flow reached, and causes this peak
to be obtained further along the field line. The addi-
tion of parallel viscous terms acts to retard the parallel
escape of particles along a field line, thus static plasma
pressure in the region of the source is enhanced by a fac-
tor of two. This increase in local pressure also results in
a further perpendicular extension of the region of high
pressure as shown in Figure 6. It can also be seen that
with parallel viscous terms acting on the plasma that
the region of peak static pressure is no longer immedi-
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FIG. 5: Extracted profiles along the same field line in
simulations with 3 different perpendicular diffusion

constants (D⊥ = 0.3 m2/s with and w/o ‖-viscosity)
showing that low diffusion leads to longer lived flows.

ately in front of the neutral puff, but 2-3 mm into the
plasma. The energy loss due to ionizations drives the
plasma temperature immediately in front of the puffing
location down, which more than balances out the increase
in plasma density. Only further into the plasma does the
balance of particle sources and energy sources provide
the maximum pressure.

IV. DISCUSSION

The insights gained from detailed analysis of the mod-
eled results–namely the characteristic decay of the flow
along a field line–motivates further analysis of experimen-
tal results. Since the CIS diagnostic measures emission
line Doppler shift, the measurement gives the flow ve-
locity component towards or away from the camera, and
line-integrated along the diagnostic line-of-sight weighted
by the local emission intensity. An estimate of the par-
allel flow speed can be extracted using the EFIT equi-
librium and knowledge of the diagnostic viewing geom-
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FIG. 6: Static plasma pressure along and across the
effective flux tube in a D⊥ = 0.3 m2/s plasma without

(left) and with (right) parallel viscous forces included in
the simulation.

etry. First, the sight-line vectors corresponding to each
diagnostic pixel are obtained using the CalCam code14,
which allows spatial calibration of the camera by match-
ing features in images of the MAST vessel with features
in a corresponding CAD model. Since the impurity line
emission appears in a narrow shell in the scrape-off-layer,
and due to the camera viewing geometry, the largest con-
tribution to the diagnostic signal, and therefore the best
localization of the flow measurement, is localized close to
a curved plane where the camera sight-lines are tangent
to the toroidal direction, known as the tangency plane.
It is assumed that the measured velocity is entirely in
the parallel direction with respect to the magnetic field
and that cross field diffusion speeds are minimal. Then,
the parallel flow at each point in the tangency plane can
then be estimated as v|| ≈ vmeasured/B · L, where B is a
unit vector in the direction of the magnetic field and L
is a unit vector in the direction of the camera’s view di-
rection, both taken at the tangency plane, for each pixel.
In order to obtain the variation in parallel flow along a
specific field line, field line tracing is used to find the co-
ordinates in the CIS image where a particular field line
of interest intersects the tangency plane. This gives an
estimate of the parallel flow at points along the field line
spaced approximately half a toroidal turn of the field line.

This experimental flow along a field line, shown in
Fig. 8, can then be compared directly with the EMC3-
EIRENE simulations in Fig. 5. Qualitatively, smaller dif-
fusion coefficients better match the shape of experimental
measurements. The experimental asymmetry may be the
result of the top-down asymmetry (as in the modeling),
but is additionally impacted by ExB drifts, core plasma
rotation, and possibly other MHD effects.

These simulations have been carried out with a single
species, with the assumption that impurities will qualita-
tively follow the behavior of the bulk plasma flow. An ex-
amination of parallel impurity transport can verify that
this qualitative assumption is true. Taking into account
the impurity gradient force, the ion and electron temper-

0 200 400 600 800 1000

Camera Pixel Horizontal

0

200

400

600

800

1000

C
a
m

e
ra

 P
ix

e
l 
V

e
rt

ic
a
l

25

20

15

10

5

0

5

10

15

20

25

Fl
o
w

 [
km

/s
]

FIG. 7: Image from post processed CIS diagnostic
showing flow speed in km/s and with points indicating

sampling locations for data in Figure 8.
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FIG. 8: The measured CII+ velocity along a field line
measured at the points shown in Figure 7. Qualitatively

shows good agreement with the lowest diffusion
coefficient in Figure 5, D⊥ = 0.1 m2/s.

ature gradient forces, and the frictional force between the
impurity ions and the background plasma we find a force
balance of4:

Fimp = − 1

nimp

dpimp

ds
+mimp

vi − vimp

τs

+αe
d(kTe)

ds
+ βi

d(kTi)

ds

(8)

In this steady state simulation, the forces on the impu-
rity ions will balance, and so the velocity of the impurity
ions can be solved for by setting the total force to zero.
However, in our Carbon free simulations, electron and
ion temperature gradients were minimal outside of the
immediate region of the neutral puffing. Naively assum-
ing a constant trace Carbon constant would also elimi-
nate the impurity gradient term and the original ansatz
that vi = vimp is recovered.

To accurately correct for the difference between the
bulk ion and impurity velocities will require including
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Carbon in the EMC3-EIRENE simulations to determine
both the local Carbon density gradients, and the re-
sulting temperature gradients that Carbon emission will
cause. However, this more precise treatment of impurity
transport is left for future work.

V. CONCLUSION

EMC3-EIRENE modeling was carried out in compar-
ison with MAST experiments with HFS neutral fueling.
Good qualitative agreement was found between the flow
structures in modeling and the experimentally measured
phenomena. In tandem with reduced physics 1-D mod-
eling, the underlying physical mechanism has been iden-
tified. The puffed neutrals create a local plasma source,
resulting in an increase in plasma pressure, that drives
flows away from the fueling perturbation along field lines.
Cross field diffusion then damps these flows. Further
work will focus on using free modeling parameters (cross
field diffusion coefficients, power inputs, etc...) to bet-
ter match experimental SOL conditions while introduc-
ing Carbon impurities into the simulations. These more
precise simulations can then be coupled with synthetic
diagnostic tools15 to quantitatively benchmark code re-
sults against MAST measurements in preparation for the
upcoming MAST-U science campaigns.
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