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Abstract

®

CrossMark

Neutral deuterium gas puffing at the high field side of the mega ampere spherical tokamak
(MAST) is shown to drive carbon impurity flows that are aligned with the trajectory of

the magnetic field lines in the plasma scrape-off-layer. These impurity flows were directly
imaged with emissions from C>* ions at MAST by coherence imaging spectroscopy and were
qualitatively reproduced in deuterium plasmas by modeling with the EMC3-EIRENE plasma
edge fluid and kinetic neutral transport code. A reduced one-dimensional momentum and
particle balance shows that a localized increase in the static plasma pressure in front of the
neutral gas puff yields an acceleration of the plasma due to local ionization. Perpendicular
particle transport yields a decay from which a parallel length scale can be determined.
Parameter scans in EMC3-EIRENE were carried out to determine the sensitivity of the
deuterium plasma flow phenomena to local fueling and diffusion parameters and it is found
that these flows robustly form across a wide variety of plasma conditions. Finally, efforts

to couple this behavior in the background plasma directly to the impurity flows observed
experimentally in MAST using a trace impurity model are discussed. These results provide
insight into the fueling and exhaust features at this pivotal point of the radial and parallel
particle flux balance, which is a major part of the plasma fueling and exhaust characteristics in

a magnetically confined fusion device.

Keywords: scrape off layer, EMC3-EIRENE, MAST, coherence imaging spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding plasma sourcing by neutral particles and
exhaust by parallel transport along magnetic field lines in
the scrape-off layer (SOL) is critical to obtaining density
control in a magnetic confinement device. This challenge
in a nominally axisymmetric tokamak is transformed into a
three dimensional problem due to the application of resonant
magnetic perturbation (RMP) fields. These RMPs are neces-
sary for control of transient heat and particles loads due to
steep plasma edge pressure gradients and high local current

43dpsi.engr.wisc.edu

1741-4326/18/066002+12$33.00

densities [1-3]. It has been shown that RMP fields introduce
a 3D structure to the SOL region [4], and that these open per-
turbed magnetic field lines can enter the formerly enclosed
plasma region. This can lead to enhanced particle flux out of
the plasma region by plasma flows along these perturbed field
lines [5].

Understanding the physics of SOL flows driven by parallel
pressure gradients [6] is thus a key element in understanding
the physics of particle transport with RMPs. The parallel pres-
sure gradients depend on the amount of particles injected into
a given SOL flux bundle (via diffusive transport or ionization
of neutrals) compared to the sink terms in the flux bundle
(from flows along the parallel direction to the divertor targets

© EURATOM 2018 Printed in the UK
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or radial losses in the perpendicular direction). The physics
of this fundamental process defines the particle flux balance
at the plasma edge and the SOL. By studying 3D flows in the
SOL generally, any insights gained could then be applied to
understand the impact of RMPs specifically. By analyzing a
situation with toroidally symmetric magnetic fields, but three
dimensional fueling features, the situation can be simplified
and the core underlying physics can be isolated.

Coherence imaging spectroscopy (CIS) was available at
MAST to measure impurity ion transport in the plasma edge
and SOL. These SOL measurements combined with a specific
neutral gas injection at the high-field side enabled a direct
investigation of the link between local plasma sourcing on a
magnetic flux tube and the parallel impurity flow. While the
CIS measurements were made directly of impurity velocities,
here, we study in depth the underlying change in the back-
ground deuterium plasma, and then take first steps to link
these background flows with the impurity velocity.

In this paper, a comparison between these impurity ion
measurements and 3D modeling with the EMC3-EIRENE [7]
plasma edge fluid and kinetic neutral transport code is shown
and discussed. In section 2 we discuss the experimental meas-
urements, and introduce the EMC3-EIRENE code. In sec-
tion 3 the results from the EMC3-EIRENE models are shown.
In section 4 we present the most important underlying physics
with a reduced one-dimensional model, we connect the under-
lying deuterium flows to impurity velocities, and discuss pos-
sible extensions to this work. Finally in section 5 conclusions
on the most important physics results from this effort are
presented.

2. Methods

2.1. Coherence imaging spectroscopy

A CIS diagnostic was deployed on MAST to measure impu-
rity ion flows in the SOL and divertor [8]. CIS is based on
narrow-band imaging Fourier transform spectroscopy, which
can provide time-resolved two dimensional imaging of emis-
sion line brightness, width and center wavelength over wide
fields of view [9, 10]. Flows are measured using CIS by mea-
suring the Doppler shift of impurity ion emission lines along
camera lines of sight. The large amount of spatial informa-
tion provided by this technique makes it ideal for studying
localized and dynamic phenomena in the plasma edge. The
CIS instrument was used to study flows in both the main
chamber SOL and divertor of MAST, using spectral lines
for the Ct (A = 514.2 nm), C** (A = 464.8 nm), and He*t
(A = 468.6 nm) ions. In the studied MAST discharges, these
were intrinsic impurities due to sputtering off graphite plasma
facing components and helium glow discharge wall condi-
tioning. By imaging in the different impurity line emissions,
flow structures at different depths of the SOL can be accessed,
based on which emission lines are predominantly excited for
a given temperature: flows deeper in the plasma were imaged
with emissions from He' ions whereas in the outer SOL the
C* ions featured the highest impurity line emissivity. For
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Figure 1. Image of MAST discharge 28751 integrated from 0.124—
0.129s with CIS diagnostic showing emissions from C>* ions with
color representing the measured line integrated velocity. Dashed
line is an equilibrium reconstructed field line projected on the image
showing alignment between C>* flows and flux tube.

this manuscript all CIS measurements shown are of the C>*
ion emissions. Due to their brightness and location they best
captured the particular phenomena of interest. While there is
some evidence for these flows in the measurements of C* and
and He™ ions it is of lower quality for these measurements: the
C* ion emissions are highly localized to only a few pixels near
the centerstack, and the He™ ion measurements are noisier and
require longer integration times.

When observing C>* ion velocities at the high field side
(HFS) SOL near the midplane, a particularly striking observa-
tion was the formation of three dimensional structures in the
carbon emissions under certain conditions. Specifically, when
deuterium gas fueling from a valve at the inboard midplane
was used a distinctive helical structure appeared around the
center stack in the 2D flow images (as shown in figure 1), indi-
cating strong modification of the carbon flows on a particular
flux tube compared to the neighboring plasma. This localiza-
tion on a flux tube is shown by the calculated location of a
field line overlain in dashed white in the image. When the dis-
tance from the gas valve to the plasma separatrix-according to
equilibrium reconstruction-was sufficiently small (<2.5cm),
such patterns were robustly observed to form, with such data
obtained in 45 pulses. Velocity of the impurity species along
the line of sight are shown in a color coded map with yellow/
red indicating flows away from the camera and blue/violet
indicating flow toward the camera. The gas inlet is located
behind the centerstack, out of sight of the camera. Measured
C?* velocities were in the range of 5-25 km s~! and decrease
as the structure extends up and down the center column, away
from the source of neutrals. A detailed description of this tech-
nique and the specifications of this diagnostic can be found
in [8].



Nucl. Fusion 58 (2018) 066002

I. Waters et al

50 lel5

1.8 (a)
1.6}
14}
1.2}
1.0}
0.8F

0.6 I I I

Static Plasma
Pressure [eV/cm?]

Z=0cm |
—_— Z=5cm|]

60
ao| (b)
20}

0

-20 | ~
—40}

Flow Speed [km/s]

-60

L L L
—800 —600 —400 —200

L L L
0 200 400 600 800

Length Along Field Line [cm]

Figure 2. Static plasma pressure (a) and parallel plasma flow () along a field line launched from immediately in front of the D2 puffing
site (Z=0.0cm, ¢ = 0.0, R = 19.7cm) and launched from 5 cm above puffing location (Z = 5.0cm, ¢ = 0.0, R = 19.7cm). Highly
localized plasma pressure spike drives plasma flow away from the puff in the flux tube that directly intersects the gas puff, while the
vertically neighboring flux tube remains relatively unchanged in plasma pressure and shows extremely weak flows.

2.2. EMC3-EIRENE modeling

EMC3 is a fluid edge plasma code coupled to EIRENE-a
kinetic transport code for neutrals. This code solves a set
of fluid equations accounting for the momentum and conti-
nuity of the bulk plasma, the energy transport of electrons,
the energy transport of the bulk ions, and also includes a
trace impurity model taking into account the continuity and
a simplified momentum balance of the impurity species [7].
Anomalous cross field transport (perpendicular to the field
lines) is captured using a particle diffusion coefficient (D)
for the bulk ions and impurity ions, as well as separate heat
diffusion coefficients (x ) for ions and electrons. These
plasma fluid equations are then coupled to the EIRENE neu-
tral transport code [11]. Neutrals are sourced based on ion
deposition onto the plasma facing components as well as via
neutral puffing sources. These neutrals are allowed to prop-
agate through the plasma background until they are ionized.
The energy loss and ion source of these ionization processes
are then coupled to the plasma fluid equations of EMC3. The
code is then run iteratively between EMC3 and EIRENE until
a convergence is reached.

While originally designed for inherently 3D magnetic sys-
tems (e.g. stellarators [12]), EMC3-EIRENE has also been
used for 3D magnetic perturbations to largely axisymmetric
systems (e.g. tokamaks with applied resonant magnetic fields
[6, 13, 14]), asymmetric impurity seeding [15], local gas injec-
tion to increase ICRF coupling [16], and—of particular interest
for this work—has the capability to include non-axisymmetric
fueling sources. This flexibility is critical because toroidally
asymmetric perturbations to the plasma (either in density,
power deposition, impurity concentration, or even surface
interactions) can lead to three dimensional structures—even
without a 3D magnetic field.

A series of simulations was carried out that included the
full toroidal and poloidal extent of the MAST edge plasma.
Computational grids were built based on axisymmetric EFIT
equilibria reconstructions of the upper disconnected double
null MAST discharge 28980. A flexible grid generator [13],
was then used to build a computational grid that encompassed
the full 360 toroidal degrees of the tokamak in nine toroidal
blocks. Neutral deuterium molecules (D2) were then ther-
mally sourced from a single location on the center column at
the midplane. Additional fueling via neutral recycling from
plasma facing components and divertor targets was then self
consistently adjusted to maintain a constant user defined den-
sity at the inner surface boundary of the modeling domain.
Input power (1.35 MW) and inner simulation boundary den-
sity (1.0 x 10" cm™3) were held fixed while neutral puffing
rates, and cross-field terms were varied. These inputs over
predict the plasma temperature in the SOL that was measured
by Thomson scattering, but serve as a baseline for qualita-
tive modeling of the impacts of diffusion and puffing rates on
the overall structure that is observed. Unless otherwise noted,
simulations were carried out without parallel viscosity terms
and with only the bulk deuterium plasma. Additional steps
were taken to bring the simulation more in quantitative agree-
ment with the experiment by lowering the input power (and
thus the SOL temperatures) and including the carbon species
in the EMC3-EIRENE modeling via wall sputtering, enabling
a direct comparison between the CIS and EMC3-EIRENE
modeling as in [17, 18]. This will be discussed in more detail
in section 3.3.

Important parameters such as plasma flow, temperature,
plasma density, and plasma source density can be extracted
along a field line to analyze the steady state behavior in the
parallel direction. All fueling cases are characterized by a
highly localized plasma source, and—as shown in a single
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Figure 3. Poloidal slice of deuterium Mach number in simulations
zoomed in on HFS midplane. Figure is prototypical of flow pattern
when point source of neutral particles is included in simulations

at Z = 0.0cm, R = 19.6cm (indicated on the figure). Flows shown
in Mach number with the sign signifying either in the direction of
toroidal field (+in red) or against toroidal field direction (—in blue).

exemplary case in figure 2—a rapid increase in parallel flow
away from the source location in both directions along a field
line. This is followed by a more gradual decay of flow fur-
ther 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 X (kT, + kT}))
increasing dramatically (figure 2(a)) in the region of the D2
puff, resulting in flows along the field lines (figure 2(b)). This
is in contrast to the neighboring field line (with an initial loca-
tion displaced vertically along the centerstack) shown in red
in figure 2. By moving 5cm up the centerstack and following
a different field line there is no localized spike in plasma pres-
sure, and correspondingly no acceleration of flows.

3. Results

3.1. Impacts of different neutral puffing rates in deuterium
plasmas

Initially, a fueling scan was carried out where the rate at which
D2 was puffed into the plasma was varied from no neutral
puffing, to a rate of 3.1 x 10%* molecules s~!. In the fueling
scan scenarios, D and x, were held fixed at 10000cm? s~!
and 30000 cm? s~ ! respectively. The density was held fixed at
the inner simulation boundary, and the total ionization source
from recycling was allowed to vary such that this boundary

condition on the density was met. A poloidal slice through
the deuterium plasma flow pattern up and down the center-
stack at ¢ = 0.0 is shown in figure 3 and is typical of these
simulations. Here, a 1.55 x 10" molecules s~! D2 puff at
R =19.6cm and Z = 0.0cm drives a flow which can be seen
in the major toroidal direction beneath the puffing location
and opposite the major toroidal flow above the puffing loca-
tion. It is apparent that the deuterium flow in the perturbed
flux tube produces a pattern similar to what was observed with
the CIS diagnostic [8].

To further investigate this helical phenomena, it is useful to
look not only along a single field line as in figure 2, but along
a set of radially neighboring field lines. This provides a cross
section of the behavior across the flow channel from the area
immediately in front of the D2 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 along a field line to within 4 meters of the neutral
puffing, geometric impacts of flux expansion can be ignored.

Figure 4 shows a series of these flux tubes for the four
different fueling scenarios. The figure (top row) shows bulk
plasma flow along the flux tube close to the centerstack, sym-
metric about the D2 puffing point (with the D2 puff located at
y = 0.0cm in the figure). Flows are shown as normalized Mach
number with positive flows in red and negative flows in blue.
The intense localized plasma source caused by the neutral
puffing drives strong flows. However, the peak flow location
and overall structure of the flows is not impacted by the puffing
rate. Additional neutrals being introduced into the plasma only
change the overall magnitude of the flows. The plasma source
density (bottom row, shown in a log scale) shows similar
qualitative consistency across the different fueling rates. In the
region between 100 and 200cm along the flux tube in either
direction, a small background plasma source density can be
seen in all four fueling scenarios. This results from the inter-
action of the SOL plasma particles with the centerstack (i.e.
the self consistent sourcing of neutrals off the centerstack then
being ionized by the bulk plasma). This sourcing does not lead
to significant flows. In the three scenarios with D2 puffing an
extremely peaked, localized, plasma source is seen with source
densities 3—4 orders of magnitude higher than the more spread
out source from recycling on the centerstack. It is in these
cases that the local ionization drives plasma flow.

At rates higher than 3.1 x 10%° molecules s, stable solu-
tions could not be found. The rate at which neutrals exited the
centerstack in the experiments is not well bounded but some
sources suggest 1.5 x 10?! molecules s~! as a typical value
[19], within an order of magnitude of our simulations. Despite
this limitation, the 3D structures do form across an order of
magnitude difference in neutral puffing rates and show simi-
larities in structure with the experimentally observed C>* ion
flows.

3.2. Impact of cross field diffusion and parallel viscosity
in deuterium plasmas

Simulations were also carried out with different cross field
diffusion rates (D) (cm? s~') = 1000, 3000, and 10000,
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1

with and w/o ||-viscosity) showing that low diffusion leads to more extended flows.

while x, = 3D, ), but with neutral fueling and inner simu-
lation densities kept constant (at 1.55 x 10?° molecules s~
and 1.0 x 10'3 cm~3 respectively). Field line profiles (starting
at the point ¢ = 0.0, Z=0.0cm, R =19.9cm, i.e. 3mm in
front of the puffing location) of flow are shown for the three
diffusion values in figure 5. It can be seen that along the field
line, the high diffusion coefficient case decays to 20 km s~!
in half the distance than for the lowest diffusion coefficient.
In general, the plasma equilibrium used for the modeling, 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 center column) and this differ-
ence in the background plasma may be responsible for the
observed small asymmetries.

While these different diffusion coefficients change the
parallel length scale of flows in the SOL, they also alter
the temperature and density profiles of the edge plasma. In
changing the diffusion coefficients from D; = 1000 cm? s~!
to D; = 10000 cm? s~! while maintaining a fixed density



Nucl. Fusion 58 (2018) 066002

I. Waters et al

Without
| -Viscosity

400 g

300 [

o 200
c &
2 v 100
< )
g o
C—I
83 _100
Lo
[aj

-200

-300

00
19.6

Major Radius
Starting Point [cm]

19.8 20.0 20.2 20.4 19.6

With
| -Viscosity

lel5

3.2

2.4

SN
o
Static Pressure [ev/cm?]

1.6

N 0.8
19.8 20.0 20.2 20.4

Major Radius

Starting Point [cm]
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viscous forces included in the simulation.

at the inner simulation boundary of 1.0 x 10" cm™ at nor-
malized poloidal flux of ¥ = 0.984, the electron temperature
at the inner boundary drops by a factor of 5, from 412¢V to
82eV. This is a consequence of both the higher value of x| but
also of the need in the simulation for more deuterium ioniz-
ations to fuel the plasma to achieve the same inner boundary
density. That different diffusivity coefficients yield measur-
able flows of different length scales could be an important tool
for plasma edge modeling. This could provide a check, inde-
pendent of temperature and density measurements, to confirm
that the cross field diffusion rates used for modeling a device
are valid. While an intriguing possibility in theory, this has
yet to be put into practice and would require additional work
(discussed in section 4) to link these diffusion dependent deu-
terium flows to the measured impurity species velocities.
Figure 5 also shows a case where the parallel viscosity
term in the EMC3-EIRENE equations—typically omitted—is
re-introduced into the simulation for the D = 3000 cm?s~!
case. We retain the same qualitative result for the flow with
parallel viscosity included. However, the addition of this vis-
cosity term leads to a slight decrease in the peak flow reached.
There is also an asymmetry in the flow response to viscosity
in the positive and negative direction along a field line. The
addition of viscosity results in higher densities in the positive
direction along the field line than in the negative direction and
this is most likely responsible for the enhanced reduction in
flow in this direction. The addition of the parallel viscous term
acts to dampen the change of flow along a field line, thus static
plasma pressure in the region of the source is enhanced by a
factor 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 in which the static pressure is shown as a
color map in the same domain as is used in figure 4. 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-
ately in front of the D2 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 from the surrounding bulk plasma provide the
maximum pressure.

3.3. Inclusion of carbon in realistic SOL conditions

Motivated by the good qualitative agreement between the
simulated flow structures in the pure deuterium plasmas
and those imaged in the C*>* velocities, an additional pair
of EMC3-EIRENE simulations was carried out: inputs were
adjusted such that direct quantitative comparison between the
simulations and experiment could be made. The main changes
to the simulation inputs were that carbon impurity ions were
included, and the input power was reduced to 450 kW. The
carbon impurities were sourced thermally off the vessel
boundary and divertor targets via sputtering with a yield of
one percent. The carbon ions could then be further ionized
by the plasma or transported throughout the computational
domain [7]. The trace impurity model in EMC3-EIRENE
also includes power losses via radiation from the impurity
species and this loss from the carbon ions, in tandem with
the lower input power, produced a SOL that was within 10eV
of the measured SOL temperature by Thomson scattering at
the outboard midplane. The diffusion coefficients were set
at D, = 3000 cm? s~ and v, = 3D, for the background
plasma, D = 3000 cm? s~! for the impurity ions, and were
constant throughout the simulation domain. The deuterium
plasma flow pattern and C>* densities are shown in figure 7.
It is clear that the overall pattern of deuterium flow in the
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Figure 7. Background deuterium flow (a) and C>* density () for an EMC3-EIRENE simulation with input power of 450 kW, D, = 3000

2 1

cm?s~!, and 1.55 x 10%° molecules s~! of neutral puffing.

perturbed flux tube is retained, and that this radial region of
the plasma is in fact populated by C>* ions as opposed to the
higher or lower charge states. It should be noted that there is
an asymmetry in the C>* densities with higher densities seen
on the lower half of the centerstack than the upper half. Work
towards extracting the velocities of the C>* ions themselves is
carried out below in section 4.3

4. Discussion

4.1. Flux tube analysis

To better understand the features of the EMC3-EIRENE results,
comparative modeling has been carried out on a single (one
dimensional) flux tube. This will provide a simpler case to link
more fundamental physics to the complex 3D structures that
are observed. We begin with a 1D isothermal® fluid model (see
[20] chapter 10.2) for the ease with which it can be understood
intuitively. We will then add additional physics as is necessary to
qualitatively capture the features of interest seen in the EMC3-
EIRENE results. To capture the qualitative behavior of the under-
lying functions a dimensionless formulation of the fluid model
is presented below. We introduce the dimensionless quantities:

") ey = 1), M

Npg Cg

3 The choice of an isothermal model may not seem appropriate given the
energy sink that ionizing so many neutrals would produce. Later in this sec-
tion we will check that this assumption is valid for our purposes.

And introduce the modeling parameter:

e — SoL 5
ST gl 2)

Where we define np, as some prescribed background density,
¢, as the sound speed, L as a perturbation scale length of the
gas puff, £ = x/L as a dimensionless length parameter, and S
as a rate of the source strength.

We can then introduce a Gaussian source distribution to the
flux tube using these dimensionless quantities and modeling
parameters. The isothermal model can then be expressed as a
coupled pair of particle (equation (3)) and momentum (equa-
tion (4)) conservation equations in an infinite flux tube:

d 67252

— el 3
dé_(,oM) asm (3)
d 2
—(pM* + p) = 0. “4)

d¢

In this ideal model, a localized particle source leads to pres-
sure gradient driven flows that continue along the flux tube to
infinity in the absence of sinks. It is interesting to note that the
value of p(¢ = 0) must be greater than the source parameter
ag or the flow solution will become undefined as M exceeds
1 ([20] chp. 1.8).

This is not what we see in the EMC3-EIRENE simula-
tions when analyzing a single field line, and thus an additional
physics term is required. We add expressions for cross field
sinks into our 1-D characterization. The ansatz is made that
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Figure 8. Solving equations (6) and (7) self consistently while imposing initial conditions on p at £ = 50 and on M at £ = 0 in an infinite

flux tube. Good qualitative agreement with figure 2.

the perturbed field line, where a plasma source is being added,
interacts with a background field line with zero flow and a
fixed density at the background value ny, through cross field
diffusion. The perturbed field line then loses momentum and
particles at some rate D, over some scale length 6, and is
proportional to the difference between the quantity (density
or flow) on the two field lines. We can then define a diffusion
timescale % and parallel transport timescale CL with a dimen-
sionless parameter:

_D,L
T 82
Which we then introduce back into the particle (6) and
momentum (7) conservation equations:

ap

&)

d efzé2
—(pM) = arg—— 1— 6
dg("’ ) =as = + ap(l — p) (6)
d 2
—(pM" + p) = —appM. (7

d¢

These equations can then be solved for given model param-
eters ap and ag. We set M(£ = 0) = 0 and at some distance
from the stagnation point (many times the length scale of
the perturbation, e.g. £ = 50), it is assumed that the density
parameter p(&) 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). Numerical methods can then
be used to find self consistent steady state solutions for p(€)
and M(€) based on these initial conditions.

Figure 8 shows the results of this process for ag = 1 and
op = %, with an initial value of p(§ = 50) = 1.0. The shooting
method is used from £ = 50 to determine an initial value of
M (¢ = 50) to enforce the condition that M(¢ = 0) = 0. The
resulting profiles for p(&) and M (&) are shown. The density
peaks at some value above p = 1.0 at the location of the source
around £ = 0 before decaying back to p = 1.0 symmetrically.
The flow reaches a maximum (minimum) as it moves away
from the source in the positive (negative) direction, and then

exponentially decays along the field line until reaching equi-
librium values.

Having recreated the essential features of the EMC3-
EIRENE simulations along a field line in a general sense,
we can then confirm that our input parameters are relevant
to the MAST SOL simulations in a more absolute sense. To
do this, we will determine what our modeling parameters of
as and ap would correspond to in real plasma parameters.
Choosing a uniform plasma temperature (7, = T;) of 25V,
a background density of np; = 1 x 10'* cm™, a length scale
L = 10cm and a perpendicular scale of § = .126 cm, our mod-
eling parameter of aig = 1, will correspond to a source density
of Sy of 6.32 x 102 ions cm™3 s~!. This corresponds to a peak
source density of 2.52 x 10'% ions cm™3 s~!. Similarly ap of
1/5 is equivalent with these inputs to a D of 10000cm? s~ !,
aligned with the perpendicular diffusion coefficient used in
some of our EMC3-EIRENE simulations.

We can now verify if our isothermal assumption is reason-
able by determining the perturbation in electron temperature
required to provide the necessary energy to ionize this level
of source. Using the equation for g from [20] [chpt. 9.6] and
rearranging as shown below (equation (8)) we can directly
calculate the required dT/dx:

ar g
dx HoeTes/Z. ®

It is then found that with the input parameters used here a
gradient of 0.509eV cm~ !, or 5.09eV over the characteristic
scale of the source distribution (L = 10cm in our dimension-
less formulation) would be sufficient to transport the necessary
energy. Thus we can be confident that our simplistic 1D model
will not be overly impacted by changes in temperature along
the field line. A drop around the source region in temperature
of 20% is coupled to an increase in density of nearly 50% and
so the static plasma pressure will still rise locally, and still
drive flows.

We can then use these values to translate back and forth
between the EMC3-EIRENE simulations and the 1D model.
We choose a flux tube in an EMC3-EIRENE simulation with
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Figure 9. Direct comparison between 1D model with ag = 1 and ap = % to EMC3-EIRENE simulation with neutral fueling of 1.55 x 10%
molecules s~! ((¢) and (g) in figure 4) in source density (a), plasma density (), and Mach number (c) along a single field line. While the
EMC3-EIRENE simulation shows higher densities and Mach numbers, the two models show the same qualitative behavior.

a similar particle source (a flux tube 4 mm in front of the gas
valve in the EMC3-EIRENE simulation fueled by 1.55 x 10%°
molecules s~ peaks at a source density of 2.46 x 10'? ions
cm 3 s7!; this entire flux tube is shown in figures 4(c) and
(2)) and an equivalent diffusion coefficient. Figure 9 shows a
direct comparison in source density, plasma density, and Mach
number between the two models. While the magnitude of the
two models is not exact, the qualitative features are retained.
Both show the characteristic rapid peaking of Mach number
and then decay on similar length scales. The two models differ
most in the magnitude of the density perturbation where the
1D model shows a smaller density across the flux tube. The
background density we’ve normalized to in our 1D model
does not have a simplistic equivalent in the EMC3-EIRENE
modeling so there is a higher and locally varying ‘background
density’ in the EMC3-EIRENE model. These higher back-
ground densities, and even peaked densities in the vicinity of
the fueling, would then reduce cross field losses leading to
higher densities along the field line of interest. These higher
densities then lead to higher Mach numbers as the plasma
moves away from the perturbation. Alternatively, the higher
velocities in the EMC3-EIRENE simulation may be the result
of the neighboring flux tubes, all of which also have neutral
sources and flow. Thus the plasma in the EMC3-EIRENE may
actually be gaining momentum from its neighbor on the puff
side, and the drag resulting from cross field momentum losses
will be reduced on the other side as this plasma is not sta-
tionary, as in our 1D model.

4.2. Extracting field aligned velocities from CIS imagery

The insights gained from detailed analysis of the modeled deu-
terium results—namely the characteristic decay of the plasma
flow along a field line—motivates further analysis of exper-
imental results. Since the CIS diagnostic measures emission

line Doppler shift, the measurement gives the flow velocity
component towards or away from the camera, and line-inte-
grated along the diagnostic line-of-sight weighted by the local
emission intensity. An estimate of the parallel flow speed can
be extracted using an EFIT equilibrium and knowledge of
the diagnostic viewing geometry. First, the sight-line vectors
corresponding to each diagnostic pixel are obtained using the
CalCam code®, which allows spatial calibration of the camera
by matching features in images of the MAST vessel with fea-
tures in a corresponding CAD model. Since the impurity line
emission appears in a narrow shell in the SOL, and due to the
horizontal viewing geometry of the diagnostic in this case, the
measurement is well localized close to a curved plane where
the camera sight-lines are tangent to the toroidal direction,
known as the tangency plane. This allows estimation of par-
allel flow velocities without recourse to tomographic recon-
struction techniques, which are required in more complex
viewing and emission geometries such as for divertor mea-
surements. It is assumed that the measured velocity is entirely
in the parallel direction with respect to the magnetic field and
that the contribution from cross field diffusion speeds are
minimal. Then, the parallel flow at each point in the tangency
plane can 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 direction,
both taken at the tangency plane, for each pixel as shown in
figure 10. In this figure, the derived v)| values for the tangency
plane are shown. In order to obtain the variation in parallel
flow along a specific field line, field line tracing is used to find
the coordinates in the CIS image where a particular field line
of interest intersects the tangency plane as shown by the over-
laid points in figure 10. This gives an estimate of the parallel

©https://github.com/euratom-software/calcam


https://github.com/euratom-software/calcam

Nucl. Fusion 58 (2018) 066002

I. Waters et al

0

200

©
=
5
400 n
> . - g
()
g ! | E
o °
600 | =
© e -5 O
(0] ® [TH
€ -10
8 e
800 | ) 11 4-1s
@
-20
[ ]
1000 Y ! ! i 5 -25
0 200 400 600 800 1000

Camera Pixel Horizontal

Figure 10. Image from post processed CIS diagnostic showing flow
speed in km/s and with points indicating sampling locations for data
in figure 11.

flow at points along the field line spaced approximately half a
toroidal turn along the field line.

Figure 11 shows the experimental flow values (taken from the
points indicated in figure 10) at their parallel distance along the
flux tube from the neutral gas puffing site (found from field line
tracing) in blue. These can then be compared with the EMC3-
EIRENE simulations in figure 5. Good qualitative agreement is
found between the two. Smaller diffusion coefficients produce
bulk plasma flow structures that better match the overall shape of
experimental measurements of the C>* ion velocities. It should be
noted that the magnitude of these velocities is not the same, nor
should we expect it to be without fine tuning the model assump-
tions. The bulk plasma velocity will influence the impurity ion
velocities but to what degree requires further analysis.

4.3. Carbon velocities in the EMC3-EIRENE simulations

Most of these simulations have been carried out with deute-
rium only, with the assumption that impurities will qualita-
tively follow the behavior of the bulk plasma flow. Analysis
can be carried out on the simulation described in section 3.3
with realistic SOL temperatures and sputtered carbon impuri-
ties to verify that the carbon itself forms similar flow structures.

Within EMC3-EIRENE the simplified momentum balance
equation (equation (6) in [7]) assumes a net force on the impu-
rity ions of zero, which is consistent with neglecting the inertial
terms in the momentum equation. The momentum conserva-
tion equation is then left as a balance of impurity momentum
sources and sinks from pressure gradients, the ion and electron
thermal gradients, the parallel electric field, and the frictional
force between the impurity ions and the background plasma.
We then find a momentum balance in the parallel direction of:

Vimp|| — Vil
Mimpht; =

—b- v(nimpTimp)

Ts

+ 0.71nimpZ%b - V(KT.) + nimpBib - V(KT;) + ZimphtimpeE -
©)

10

Where b is the unit vector of the B-field. No perpendicular
forces have been included on the impurity ions (although
anomalous perpendicular transport allows for the diffusion
of impurities), the impurity temperature is assumed to be
the same as the ion temperature, and the impurity species
only impacts the background plasma through energy losses
via radiation. The impurities do not apply forces back on
the main plasma, and interactions between the different
ionization states of the impurities are ignored [7]. Using
the simplified momentum balance equation to find the
velocity of the CZt jons, in the same simulation shown in
section 3.3, along a field line launched from in front of the
puffing location yields the green points shown in figure 11.
Not only are the qualitative features in agreement with the
experimental observations, but quantitatively the numerical
results are quite close as well. Similar comparisons between
carbon impurity velocimetry measurements and EMC3-
EIRENE simulations at the large helical device [17, 18]
also show good agreement, and together suggest that the
EMC3-EIRENE predictions of parallel impurity transport
are largely valid, even without more complex transport pro-
cesses included.

4.4. Open questions and next steps

There are a number of factors that could impact the impurity
transport and may explain discrepancies between the exper-
imental results and the simulations. Of particular interest
is the more poloidally diffuse emissions from the C>* ions
in the CIS imagery as compared to the numerical results.
Our simulations show flows that extend radially out from
the centerstack and into the plasma. The CIS imagery show
flows that stretch more up and down along a flux surface.
Adjusting the perpendicular diffusion rate of the impurities
may help provide better agreement [17]. Alternatively, line
of sight integration intrinsic to the experiment may be the
cause of the discrepancy. Use of a synthetic diagnostic to
interpret the EMC3-EIRENE results could be used to test
this. Efforts are underway to couple the EMC3-EIRENE
code to the CHERAB code [21] for the development of a
synthetic diagnostic for the MAST CIS system that will
expand on existing EMC3-EIRENE synthetic diagnostic
development [22]. We have also not yet addressed the role
of bulk flows (without the neutral puffing perturbation) in
either the experiment or the simulation and this could be a
key component to the asymmetries that are observed. Drifts
(e.g. E x B drifts), more complex surface interactions (e.g.
chemical erosion), interactions between carbon ions of dif-
ferent charge states, and a realistic spectrum of sputtered
carbon energies could all impact the distribution and veloci-
ties of the observed carbon ions. A number of additional
numerical codes could be brought to bear to provide more
insight into the problem, such as ERO for more complex
surface interactions [23], and SOLPS-ITER for the inclu-
sion of axisymmetric drifts that could be impacting back-
ground flows [24].
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Figure 11. The measured C>* ion velocity along a field line measured at the points shown in figure 10 shown in blue. Green points are the
C?* parallel ion velocities as extracted from EMC3-EIRENE simulations described in section 3.3.

5. Conclusion

EMC3-EIRENE modeling was carried out in comparison
with MAST experiments with HFS neutral fueling. Good
qualitative agreement was found between the deuterium flow
structures in modeling and the experimentally measured phe-
nomena in C2* ions. The use of a 1D model enables us to
determine that parallel pressure gradients are the primary
drive term in the plasma. Ionization of the puffed neutrals
results in an increase in static plasma pressure, that drives
deuterium flows away from the fueling perturbation along
field lines. Cross field diffusion then causes these flows
to slow down. The plasma then influences the carbon ions
through an impurity force balance. Work to include carbon
ions into the EMC3-EIRENE simulations using an impurity
force balance approach from a trace impurity model show that
the simulated C>* ion species qualitatively and quantitatively
follows the experimental measurements and thus presents
strong evidence that it is this pressure driven flow in the main
plasma that is behind the 3D structures observed in the C>*
velocimetry. Future work will focus on addressing the role of
background flows, and developing synthetic diagnostic tools
to quantitatively benchmark code results against MAST mea-
surements in preparation for the upcoming MAST-U science
campaigns.
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