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Abstract

CrossMark

A three-dimensional turbulence simulation of the SOL and edge regions of a toroidally limited
tokamak is carried out. The simulation couples self-consistently the drift-reduced two-fluid
Braginskii equations to a kinetic equation for neutral atoms. A diagnostic neutral gas puff on
the low-field side midplane is included and the impact of neutral density fluctuations on D,,
light emission investigated. We find that neutral density fluctuations affect the D, emission.
In particular, at a radial distance from the gas puff smaller than the neutral mean free path,
neutral density fluctuations are anti-correlated with plasma density, electron temperature, and
D, fluctuations. It follows that the neutral fluctuations reduce the D, emission in most of the
observed region and, therefore, have to be taken into account when interpreting the amplitude
of the D, emission. On the other hand, higher order statistical moments (skewness, kurtosis)
and turbulence characteristics (such as correlation length, or the autocorrelation time) are

not significantly affected by the neutral fluctuations. At distances from the gas puff larger
than the neutral mean free path, a non-local shadowing effect influences the neutral density
fluctuations. There, the D,, fluctuations are correlated with the neutral density fluctuations,
and the high-order statistical moments and measurements of other turbulence properties are

strongly affected by the neutral density fluctuations.

Keywords: plasma physics, tokamak periphery, turbulence, kinetic neutral atoms, drift-reduced

Braginskii, gas-puff imaging, neutral fluctuations

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

1. Introduction

Understanding the plasma dynamics in the scrape-off layer
(SOL) and edge regions of tokamaks is of critical importance
to fusion research, since these regions set the boundary condi-
tions for the core plasma, determining the performance of the
entire device [1, 2]. The dynamics in the tokamak periphery
results from the interplay and balance of perpendicular and
parallel transport, plasma sink at the solid walls, and neutral
recycling. Since radial transport is dominated by turbulent
transport, measurements of the turbulent dynamics in the SOL
and edge regions are of fundamental significance.

Among the different experimental techniques available
to study edge and SOL turbulence, we focus here on the gas
puff imaging (GPI) diagnostics [3—6], where neutral gas is
puffed into the SOL and light emission is recorded by one or

1741-4326/17/116018+11$33.00

more fast cameras with high temporal and spatial resolution.
The local light emission stems from atomic processes due to
the interaction between the injected neutrals and the plasma,
which is optically thin in typical tokamak conditions, so that
most emitted photons leave the plasma without further interac-
tions. The cameras measure the integrated local light emission
along their lines of sight. The light emission is mostly toroi-
dally localized around the gas puff valve. Therefore, using a
fast camera with a tangential view, two-dimensional poloidal
snapshots of the local light emission rates are approximately
obtained.

While fast cameras can record the whole integrated visible
spectrum, single spectral lines are usually selected by optical
filters to facilitate the interpretation of the measurements.
In particular, the H, line of the Balmer series is often used
in hydrogen plasmas (respectively the D, line in deuterium

© 2017 Ecole Polytechnique Federale de Lausanne Printed in the UK
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plasmas) [3, 5, 7, 8]. It corresponds to the transition of an
excited hydrogen atom in the third state, H*(n = 3), to the
second state. The H*(n = 3) excited state can originate from
various atomic and molecular processes, such as molecular
dissociation or electron impact excitation. (An exhaustive list
of atomic and molecular processes in hydrogen plasmas can
be found in [9].) Due to this large variety of atomic processes
and due to the difficulty to separately measure the parameters
relevant to the emission process (e.g. plasma density, plasma
temperature, atomic and molecular densities of the neutrals),
it is not straightforward to interpret the GPI measurements.
Assumptions or numerical simulations are necessary.

To interpret GPI measurements, it is often assumed that the
emission rate can be estimated by [4, 5, 8]

Dy = nnyrq(n, Te), ey

where 7 is the electron density (we assume unitary ion charge,
Z =1, in the present work), n, is the atomic neutral den-
sity, and rq(n, Te) is the emission rate coefficient of the D,
line, which depends on the electron density and temperature
and which is obtained from collisional-radiative modeling
(see, e.g. [10]). The contribution of molecular dissociation
is therefore neglected in equation (1). Then, two assump-
tions to interpret GPI images are typically made, i.e. that the
structures visible in the light emission are mostly due to the
plasma fluctuations, neglecting consequently the fluctuations
of the neutral density, and that the plasma density and elec-
tron temperature are correlated in the tokamak SOL, which
is supported by numerical turbulence simulations [7, 11].
This allows interpreting the GPI measurements and deduce
properties of the SOL and edge plasma turbulence, such as
spectra, spatial scales, relative fluctuation amplitudes, or blob
propagation speed [3, 5, 7]. In order to reduce the number
of assumptions, the contribution of plasma and neutral den-
sity and electron temperature fluctuations to the light emis-
sion have to be measured separately. Experimentally, this is
achieved by recording multiple spectral lines for the same
lines of sight, taking advantage of the fact that the dependency
of the emission rate coefficient, r(n, T,), on plasma density
and electron temperature can be different for different spec-
tral lines. This was done with helium gas puffs and different
spectral He-lines, e.g. for a few lines of sight in the Alcator
C-Mod tokamak [3] or, more recently, with two-dimensional
images from high-speed cameras and two spectral He-lines in
the TJ-II stellarator, which allowed estimating independently
plasma density and neutral density fluctuations, showing the
impact of neutral density fluctuations on light emission [12].
Despite the progress made on the experimental techniques,
because of the complexity of the physics processes involved in
the GPI measurements, numerical simulations of the turbulent
plasma and the neutral particles are still necessary to confirm
the validity of the used assumptions and to guide the interpreta-
tion of experimental measurements. Different types of simula-
tions were carried out in the past for this purpose, with various
assumptions, taking into account either plasma turbulence,
while neglecting neutral fluctuations [7, 8, 11, 13], or simulating
neutral density fluctuations, while taking averaged plasma pro-
files or artificial plasma fluctuations [5, 14—16]. Initial attempts

to simulate plasma turbulence and fluctuating neutrals self-con-
sistently were made with two-dimensional plasma simulations
and mono-energetic neutrals [17], or with a diffusive neutral
model without the back-reaction on the plasma [18].

Our goal is to investigate the impact of neutral density fluc-
tuations on the light emission around the diagnostic gas puff,
in particular we focus on the Balmer D,, line. For this purpose,
we use a three-dimensional turbulence simulation of a limited
tokamak SOL and edge, that includes self-consistently plasma
turbulence, evolved with a three-dimensional two-fluid drift-
reduced Braginskii model, and neutral dynamics obtained
with a kinetic model. The simulation model does not sepa-
rate background and fluctuating quantities, allowing for and
observing fluctuations of order unity. It also includes two gas
puffs around the toroidal rail limiter on the high-field side that
fuel the plasma, and a small diagnostic gas puff on the low-
field side equatorial midplane.

This paper is structured as follows. After the Introduction,
in section 2 we describe the turbulence simulation that we
consider in the present paper and the underlying model. In
section 3, we introduce the synthetic GPI diagnostic and the
evaluated D, emission. We describe the influence of neutral
fluctuations on the D, emission in section 4, and discuss it
in detail in section 5. The conclusions and an outlook follow.

2. Self-consistent turbulence simulation

The simulation presented in this paper is carried out with the
GBS code [19, 20]. GBS evolves plasma density, n, electron
and ion parallel velocities, Ujje and v|j;, electron and ion temper-
atures, 7. and Tj, and the generalized vorticity, @, according
to the electrostatic two-fluid drift-reduced Braginskii equa-
tions [21, 22] self-consistently with a kinetic model for
neutral atoms. The model solved by GBS was derived in
[19, 20], with the details of the neutral model being described
in [23], and it was used to study, amongst other things, the
electron temperature drop in front of the limiter in [24]. Herein
we briefly summarize the main features of the model and its
numerical implementation.

The two-fluid drift reduced Braginskii equations that we
consider in the electrostatic limit are
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(7N
with p = n(T. + T;) the total pressure, jj = en(v); — vj.)
the parallel current, k). and r); the Spitzer heat conduc-
tion coefficients, Ej, the effective ionization energy, and
o= 1.96¢%nt. /me, the parallel conductivity, where T
is the electron collision time. The generalized vorticity,
w=w+1 /eVﬁ_Ti, is related to the electrostatic potential
by V2 ¢ = w, where we use the Boussinesq approximation.
The following operators are used in the large aspect ratio
limit: VjA=b-VA, [A,A)]=b- (VA x VA;), and
C(A) = B/2|V x (b/B)] - VA with b =B/B. The source
terms (S,, S7,, S7;) mimic the outflow of hot plasma from the
confined region to the SOL. The small perpendicular diffusion
terms D4 (A) are included mostly for numerical reasons. The
system is closed by a set of first-principles boundary condi-
tions applied at the magnetic pre-sheath entrance of the lim-
iter plates, derived and discussed in [25]. We remark that at
the boundary of the simulation domain towards the main wall,
assumed to be at a certain distance from it, we apply vanishing
Neumann boundary conditions for n, v, v|j;, Te, and T;, and
we impose the Dirichlet conditions & = 0 and ¢ = (AT¢),
(A~3 and (), is a moving window time average). We
use open boundary conditions (vanishing Neumann) for all
quantities at the boundary towards the tokamak core.

The interaction of the plasma with the neutral atoms, rig-
orously deduced from a kinetic description [23], is included
through the interaction with the neutral density, n,, parallel
velocity, )5, and temperature, Ty,. These moments of the neu-
tral distribution function are obtained from the solution of the
kinetic neutral equation for a mono-atomic neutral species

Ofn o LY :
E + v & = —Vigfa — Vex (fn n fl> + Vreofi (®)

1

where f, and f; are the neutral and ion distribution func-
tions. The ionization, charge-exchange, and recombi-
nation processes as well as the elastic electron-neutral
collisions are described, respectively, through the use of
Krook operators with collision frequencies defined as
Viz = ne<ve0iz(ve>>, Vree = ne<ve0'rec(ve)>, Vex = ni<vi0'cx(vi)>7
and Ven = Ne(VeTen(Ve)), Where 0z, Orec, Ocx, and oy, are the
ionization, recombination, charge-exchange, and elastic elec-
tron-neutral cross-sections. (The (-) operator denotes the
averaging over the Maxwellian electron, or ion, distribution
function.) We note that we neglected the electron-neutral col-
lisions in equation (8) due to the high electron to neutral mass
ratio [23]. The neutral model is chosen to be as simple as pos-
sible, while still keeping the main plasma-neutral interactions
with a kinetic neutral description to allow for simulations in
short and long neutral mean free path scenarios. Although
molecular processes become important at low temperatures
(Te S 10 eV), especially for quantitative comparison with
experiments, they are neglected in the current model to facili-
tate the interpretation and understanding of the simulation
results.

Equations (2)—(7) are solved by the GBS code using a
second order finite difference scheme, except for the [A;, As]
operators that are discretized by using the Arakawa scheme
[26]. Time integration is carried out with the standard 4th
order Runge—Kutta method [27]. The correctness of the imple-
mentation and numerical discretization of equations (2)—(7)
in the GBS code was rigorously verified with the method of
manufactured solutions [28]. The solution of equation (8)
is obtained in the limit of 7, < Ty (74 1S the mean flight
time of a neutral atom, 7 iS the turbulent timescale) and
1/ k” > Amfp.n (Amip,n 18 the mean free path of the neutrals) by
using the method of characteristics [23].

The simulation used for the present study considers a lim-
ited tokamak with a toroidal rail limiter on the high-field side
equatorial midplane and circular flux surfaces. The simula-
tion includes the SOL and part of the edge region, where the
magnetic field lines lie on closed flux surfaces without inter-
secting the wall, similarly to [29]. (We remark that we present
here for the first time a GBS simulation that includes the SOL
and edge regions, as well as the self-consistent neutral-plasma
interaction terms.) The normalized dimensions of the simu-
lated tokamak are Ry = 50009 and ag = 800p5 /27, Ry and aq
being the major and minor radii, pso = ¢s0/€2i, Qi = eBo/mi,
and ¢y = \/Teo/m;. The poloidal direction is described by
the coordinate y, with y = 0 at the lower side of the lim-
iter, y = 400py at the low-field side equatorial midplane,
and y = 800py at the upper side of the limiter. The radial
extents of the simulated SOL and edge regions are 75pq
each and the separatrix is located at r = 0. The resistivity,
normalized to Ry/cs, is defined as = i (T./Teo) /2,
taking into account the Spitzer dependency and being
Dy = Rome/(1.96¢om;iTe). The dimensionless parallel elec-
tron heat conductivity is &y = 3.16 x 2T/ (3mecsoR0)
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and the dimensionless parallel ion heat conductivity is
Ri = 3.9 x 2Tyo7i/(3micsoRo).  With  the normalization
parameters ng = 2 - 10°m™3, Tyo = Tip =20 eV, and By =
0.5T, it results pyy ~ 0.9 mm, Ry ~ 44 cm, ap >~ 11 cm, and
Ry/cso ~ 10 ps. The normalized values for the resistivity and
the parallel heat conductivities calculated from the parameters
above (7 = 0.03, K| = 39.6, and k|; = 1.1) are modified to
7 =0.1, K. = 10, and K); = 0.5 to reduce the numerical
cost of the simulation. The ion to electron mass ratio is set to
m;/me = 200 for the same reason. We also impose E;, = 30
eV. We note that recombination processes can be neglected
at Too = 20 eV since Viec/Vi; ~ 10~¢ (within our simple
atomic neutral model this assumption holds for T 2 2 eV,

corresponding to Vpee /i, < 1072). The numerical grid used
for solving the plasma drift-reduced Braginskii equations is
191 x 495 x 64 (radial, poloidal, toroidal) and the grid for
the kinetic neutral equation is 24 x 360 (radial, poloidal), for
each of the 64 poloidal planes.

Since there is no separation between equilibrium and
fluctuating quantities in the drift-reduced Braginskii equa-
tions, equations (2)—(7), the plasma profiles result self-
consistently from the interplay between perpendicular and
parallel transport, losses at the sheath, ionization processes,
and heat outflowing from the tokamak core to the edge region.
The latter is mimicked by the temperature source terms,
St, and St,, which are constant in time, poloidally uniform,
and radially Gaussian with a width of 5p centered around
rs = —75py0, 1.€. the location of the boundary of the simulated
domain towards the tokamak core. In the present simulation
it is assumed that the source of plasma density is solely due
to ionization of neutral atoms in the simulated volume, there-
fore the plasma density source S, in equation (2), mimicking
the outflow of plasma density from the core, vanishes. The
plasma flowing along the magnetic field lines and arriving at
the limiter plates is recycled, assuming that 80% is reflected
specularly and 20% is absorbed on the surface and released
with a thermal distribution of 3 eV, i.e. approximately the
energy of neutral atoms after Frank—Condon dissociation
[9, 30]. We assume the same reflection coefficient for neutrals
arriving at the limiter.

To fuel the plasma and compensate for the radial plasma
losses, two gas puffs on the high-field side, above and below
the limiter, and a constant inflow of neutrals from the main wall
(mimicking main wall recycling) are included in the simula-
tion. The two gas puffs are toroidally constant and, together,
account for approximately 40% of the ionization. The small
constant inflow of neutrals from the main wall accounts for
approximately 15% of the total ionization and the recycling at
the limiter for approximately 40%. (The remaining 5% is due
to the diagnostics gas puff described in section 3.)

The gas puff inlets lie outside the simulated domain, since
its outer boundary (the boundary towards the main vessel
wall) does not coincide with the physical wall. Therefore, we
assume that the hydrogen molecules from the gas puff are dis-
sociated into atoms and somewhat diffuse before entering the
simulated domain. We account for this by setting the inflowing
distribution function at the outer boundary, x, to

(yb - yng)2

247, )xin(xb,v), )

Soep(Xp, V) o< exp <—

where yy is the outer boundary poloidal coordinate (y, = 0
at the high-field side equatorial midplane), yo,, = £40p are
the locations and y,, = 20p, the width of the gas puffs. The
inflowing velocity distribution, yjy, is assumed to be

*im—Zcos(G)e fm—vz 10
a4 1? *P\"an, (19)

being 0 = arccos (2-h), @ =v/v, A the normal vector
perpendicular to the boundary and pointing into the plasma
region, and T, = 3 eV.

After a transient, a quasi-steady state is achieved in our
simulation where sources and losses balance and the total
amount of particles in the system is approximately constant.
Our investigation focuses on this quasi-steady state. Poloidal
snapshots of plasma density, electron temperature, neutral
density, and ionization source, S;,, are shown in figure 1. We
observe strong poloidal asymmetries, particularly visible for
the plasma density in the edge region, which is higher on the
high-field side than on the low-field side, and in the electron
and ion temperatures, which are higher on the low-field side
than on the high-field side. In the SOL, the electron temper-
ature drop towards the limiter is due to the balance between
radial turbulent transport, parallel heat conduction and con-
vection, the ionization energy loss close to the limiter, and the
parallel outflow of plasma to the limiter (see, e.g. our recent
work on a refined two-point model [24]).

Time-averaged radial profiles of plasma density, electron
temperature, and neutral density on the low-field side equa-
torial midplane (350ps <y < 450p4), where the subse-
quent investigations on plasma and neutral fluctuations are
performed, are shown in figure 2. The neutral density decays
approximately exponentially with a scale length of 60py, from
the outer domain boundary, resulting from ionization and
charge exchange processes. We define this scale length as the
effective mean free path of the neutrals, Ay, . On the other
hand, the plasma density decays from the core to the vessel
wall with a scale length comparable to the radial domain size,
approximately 180py. The electron temperature has a short
decay length in the closed flux-surface region closest to the
core (approximately 20 — 30py), and a decay length compa-
rable to the one of the density in the SOL.

Xin (Xb’ V)

3. The GPI synthetic diagnostics

In addition to the aforementioned two gas puffs on the high-
field side, a small diagnostic gas puff is placed on the low-
field side equatorial midplane. To simplify the geometry of
our simulation, we assume that the diagnostic gas puff is
toroidally constant. Moreover, we impose that it injects neu-
trals with the same distribution function as the two fueling gas
puffs, equation (9), but with lower amplitude. This diagnostic
gas puff does not contribute significantly to the plasma fueling
(it accounts for approximately 5% of the ionization in the
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Figure 1. Poloidal snapshots of plasma density, electron temperature, neutral density, and ionization rate, for the simulation considered in
the present paper. The densities are normalized to ny, the electron temperature to T, and the ionization rate to ngcso/Ro.
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Figure 2. Radial profiles of plasma density, electron temperature,
and neutral density on the low-field side equatorial midplane, time,
toroidally, and poloidally (350p < y < 450p,) averaged.

simulation), as we also verified by turning it off. The same can
also be inferred from figure 1, where one can observe that the
ionization rate, S;,, is rather small at the low-field side around
the diagnostic gas puff. We note that toroidally constant gas
puffs are atypical in experiments. However, our results are not
significantly affected by the geometrical details of the gas puff
since, in the present work, we do not address the issue of the
integration of the signal along the lines of sight of a camera,

200

100

Z [pso]

-100 |

-200

200

-260 0
R — Ry [pso]

Figure 3. Poloidal snapshot of the D, emission rate. The large
yellow dotted area indicates the spatial region shown in figures 4,
5 and 11. The smaller red dotted areas indicate the spatial regions
where the joint probability distributions shown in figures 8 and 9
are calculated.

for which a toroidally localized gas puff is needed, but we
analyze the local light emission.

We focus on the local emission rate of the Balmer D,, line,
which we calculate as

Da = ReNylp,, (nes Te)a

(1)
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Figure 4. Five snapshots, separated by 0.3Ry/cso ~ 3 ps, representing normalized fluctuations of D,, light emission, (D, — (Dq))/{Da)s
in front of the gas puff. The considered spatial domain is indicated by a yellow dotted contour in figure 3. The LCFS is located at » = 0 and
the low-field side equatorial midplane is at y = 400p. The snapshots in figures 1, 3, 5 and 11 are evaluated at t = 0.
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Figure 5. Snapshots of D, emission (left) and D,,, ) emission, evaluated by removing the contribution of neutral density fluctuations

(middle), and their relative difference (right).
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Figure 6. Radial profiles of standard deviation (left), skewness (middle), and kurtosis (right) of normalized plasma and neutral density,
electron temperature, and D,, fluctuations with and without neutral density fluctuations at the low-field side midplane.

where rp,, is the emission coefficient that depends on electron
density and temperature [10] as tabulated in the OpenADAS
database'. This emission coefficient is used throughout this
paper. A snapshot of the D, emission rate is shown in figure 3
on the full poloidal cross-section. Figure 4 displays the tem-
poral evolution of the normalized D, fluctuations in the
region in front of the diagnostic gas puff around the low-field
side equatorial midplane. (This region is indicated by a yellow
dotted contour in figure 3.) Normalized D, emission fluctua-
tions are defined as (D, — (D4))/(Da), where (D, ) denotes
the toroidal and time average of D,. We note that the toroidal
average can be performed since an axisymmetric system is

! OpenADAS—http://open.adas.ac.uk

investigated, and the time average is taken over a time window
of At = 40R,/cy that covers several fluctuation times during
the quasi-steady state phase of the simulation. Similar defini-
tions apply to other quantities.

4. Impact of neutral fluctuations on GPI

The neutral density in the SOL and edge regions is not easily
measured experimentally. It is therefore difficult to disen-
tangle the contributions of plasma density, electron temper-
ature, and neutral density fluctuations to the fluctuations of
the D, emission, equation (11). To investigate the impact of
neutral density fluctuations on the D, emission, we evaluate it
by using the averaged neutral density:
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Figure 7. Radial dependence of autocorrelation time (left panel) and correlation lengths along the radial (middle panel) and poloidal (right
panel) directions for the D, emission with and without neutral fluctuations.
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front of the low-field side diagnostic gas puff in the SOL (259 by 25p50 window, centered around r = 37.5py and y = 400p, right red

dotted region in figure 3).
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removing thereby the neutral density fluctuations, while
keeping plasma density and electron temperature fluctuations.

We show D, and D,y in figure 5 (Ieft and middle panels)
and their normalized difference in figure 5 (right panel). While
Dg and D, show similar spatial patterns, neglecting neu-
tral density fluctuations leads to errors of the order of 30% in
the intensity of the light emission, in particular in the closed
flux-surface region. This therefore shows that the local D,
emission amplitude might be significantly influenced by neu-
tral fluctuations.

To investigate the impact of neutral fluctuations on
other typical quantities obtained from GPI diagnostics, we
evaluate the standard deviation, the skewness, the kurtosis,
the autocorrelation time (7o), and the radial and poloidal
correlation lengths (Lyyg and L) from the normalized D,
and D, fluctuations, respectively. These are shown in
figures 6 and 7.

The standard deviation of the normalized Dq,,) emission
in figure 6 (left panel) is up to 20% larger than the standard
deviation of the D, emission in the SOL and their difference
decreases when approaching the core. In addition, in the SOL
we also observe that D, fluctuations are larger than n, n,,, and
T, fluctuations, displaying also a different radial dependence.
The skewness of the turbulent fields is analysed in the middle
panel of figure 6. We note that the skewness of D, and D)
are very similar in the SOL, and both of them follow the skew-
ness of plasma density and electron temperature and increase
radially. On the other hand, we observe a difference between
the D, and Do n,y skewness in the confined region, where
they are also quite different with respect to the skewness of
plasma density and electron temperature. The skewness of the
neutral density decreases radially and is negative in the SOL
and positive in the edge. Similar remarks can be made for the
kurtosis, figure 6 (right panel), namely, D, and D, show
similar behavior in the SOL region, and a discrepancy in the
confined region.
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Figure 9. Same plots as in figure 8 in the edge (255 by 25ps window, centered around r = —37.5py and y = 400p, left red dotted

region in figure 3).

To evaluate Tauo, Lrag, and Ly, we use the definitions in
[7] and [8], i.e.

1)
L=166——
w/—lnC,j (13)
and
1
Cii(Tauto) = E, (14)

where 6 is the distance between the two positions i and j
(corresponding experimentally to two lines of sight), and C;;
is the zero-time-delay cross-correlation function between the
signals obtained from these two positions. For our analysis we
choose § = 3py (the results do not depend on the choice of ¢
for 1.5p50 < 0 < 10p).

Radial profiles of Tauto, Lrad, and Ly, are shown in figure 7.
Neutral density fluctuations do not have a large impact on
these measurements in the SOL. On the other hand, an effect
of neutral density fluctuations can be observed in the confined
region towards the core, similarly to what is observed for
the statistical moments in figure 6. We note that converting
normalized to dimensional units reveals T, ~ 3 — 8 us,
Ly &= 1.5 -2 cm, and Ly, ~ 2 cm, values that are similar
to the ones found in the C-Mod tokamak [7, 8].

5. Discussion

We analyze the link between neutral and plasma fluctuations
to explain the impact of neutral density fluctuations on the
D, emission rate. We first study the correlations and anti-
correlations between n, n,, T, and D, through their joint
probability distributions, evaluated as the joint histograms
of their normalized fluctuations. These are presented for
the SOL (25p4 < r < 50py) in figure 8, and for the edge

Spearman correlation

r [ps()]

Figure 10. Radial profiles of the Spearman correlation coefficient
between plasma and neutral density, electron temperature, and D,
emission.

(=50ps < r < —25py) in figure 9. Both regions (SOL and
edge) show that plasma density and electron temperature
fluctuations are correlated (an observation made also in other
SOL turbulence simulations [7, 11]). On the other hand, the
neutral density is anti-correlated with both plasma density and
electron temperature, particularly in the SOL. The anti-corre-
lation between D, emission and neutral density, observed in
the SOL, disappears in the confined region, and the correla-
tion between D, emission and both plasma density and elec-
tron temperature is much clearer in the SOL than in the edge.

To quantify the correlations, we introduce Spearman’s
rank correlation coefficient [31], r,, which indicates if a
monotonically increasing (decreasing) function exists that
describes the relation between two quantities, in which case
ry = 1 (ry = —1). In this case the two quantities are said to be



Nucl. Fusion 57 (2017) 116018

C. Wersal and P. Ricci

r [psO]

Figure 11. Poloidal snapshots in front of the low-field side gas puff (this region is contoured by a yellow dotted line in figure 3) of the
normalized fluctuations of plasma density (top left), electron temperature (top right), neutral density (bottom left), and D, emission

(bottom right).

correlated (anti-correlated). Spearman’s rank correlation coef-
ficient gives the degree of correlation continuously between
rg = land ry = —1, and it is independent of the type of corre-
lation (e.g. linear or quadratic). Radial profiles of r; evaluated
at the low-field side equatorial midplane are shown in figure 10
for the six combinations of neutral and plasma density, elec-
tron temperature, and D, emission. In the SOL, a clear cor-
relation between plasma density, electron temperature, and
D, emission is visible, while one observes anti-correlation
between the neutral density and the other three quantities. All
correlation and anti-correlation coefficients decrease towards
the core, and the anti-correlation of neutral density and D,
emission in the SOL even turns into a correlation in the con-
fined region. This transition happens at r ~ —35p, that is,
approximately, the radial location inside which the skewness
(figure 6, middle panel) and the correlation quantities (Tyyo,
Lyag, and Ly, figure 7) differ if they are evaluated from D,
or Dy, In fact, for r S —35p50 neutral fluctuations impact
not only the D, fluctuation amplitude, but also their spatial
structures and fluctuation properties, as it can be observed in
the skewness and in the correlation length profiles.

These observations can be explained by the analysis of
typical turbulence snapshots. The normalized fluctuations
of plasma density, electron temperature, neutral density, and
D, emission, in the region in front of the diagnostic gas puff,
are shown in figure 11. First, we observe very similar spatial

structures in plasma density and electron temperature, con-
firming that these two quantities are strongly correlated in the
whole considered region. Second, for the correlation between
the neutrals and the plasma quantities, we distinguish two
regions, the region r 2 —35py (approximately the SOL),
which is closer to the outer boundary than the effective neutral
mean free path, Ay >~ 60pg, and the region r < —35p0,
which is further away from the outer boundary than Ay, . In
the r 2 —35py region, positive fluctuations in plasma den-
sity and electron temperature (yellow structures) clearly cor-
relate with negative fluctuations in the neutral density (blue
structures). This anti-correlation is due to the fact that, while
the diagnostic gas puff, the main source of neutral particles at
the low-field side midplane, is constant and independent of
the local plasma parameters, neutral particles are lost because
of ionization processes, which occur with higher probability
in regions where the plasma is denser and hotter. Therefore,
regions of high plasma density and electron temperature cor-
respond to regions of low neutral density. On the other hand,
in the r < —35ps0 region, the neutral density is determined
not only by the local plasma properties (a weak anti-correla-
tion between n, and both n and 7. is visible), but also by the
plasma properties in the SOL region radially outward from the
edge location where the observations are made. In figure 11,
the enhanced SOL plasma density and electron temperature,
observed at y 2 400py0, reduce the neutral density not only in
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the SOL, but also radially inward. This phenomenon is referred
to as shadowing [5, 14]. On the other hand, for y < 350pq,
n and T, are rather low and let the neutrals penetrate much
further than on average. This leads to positive fluctuations in
neutral density close to the core, a sort of inverse shadowing
event. Because of the non-locality of the shadowing, the neu-
tral density fluctuations in the confined region close to the core
are not as anti-correlated with the plasma density and temper-
ature as in the SOL (see figure 10). In fact, the D, emission
close to the core is larger when neutrals can penetrate further
into the plasma than on average, which is seen in the correla-
tion between n, and D, in the inner part of the edge region
(see figure 10). As a consequence, at a distance larger than
Amfp,n from the outer boundary, neutral density fluctuations
can have a significant influence on the statistical moments and
turbulence properties evaluated from D, emission.

We would like to note that we have applied the same synthetic
GPI diagnostics to a similar simulation with approximately
twice the plasma density, and therefore with approximately
half the neutral mean free path, Apgpn =~ 30pg. In this simu-
lation, we observe that the transition from the region where
neutrals and D, emission are clearly anti-correlated to the
region where the two quantities are correlated, observed in the
radial plot of the Spearman correlation coefficients (similar to
figure 10), occurs approximately at a distance of 40py, from
the outer domain boundary. This further confirms that Ay, is
setting the region where the shadowing effect occurs and has a
significant impact on GPI measurements.

The relevance of the shadowing effect in interpreting the
GPI measurements depends on the experimental set-up and
the sensitivity and dynamic range of the cameras. In fact, the
location where the shadowing becomes important is related to
Amfp,n» Which depends on the experimental conditions. At the
same time, the average intensity of the D, emission decreases
significantly at distances larger than Ay, , (see figure 5, left
panel) and therefore it might be recordable only by sensitive
cameras with high dynamic range.

6. Conclusions and outlook

In this paper, a self-consistent simulation of plasma turbu-
lence and neutral atom dynamics in the SOL and edge regions
of a limited tokamak is discussed. This simulation includes
two fueling gas puffs on the high-field side and a diagnostic
gas puff on the low-field side equatorial midplane. The local
D, emission is evaluated and the effect of neutral density
fluctuations on GPI measurements is investigated. It turns out
that neutral density fluctuations and plasma fluctuations (for
both plasma density and electron temperature) are strongly
anti-correlated at distances from the gas puff smaller than the
neutral mean free path, Apgn, Which leads to a systematic
influence of neutral density fluctuations on the D, emission
amplitude. On the other hand, statistical moments and turbu-
lence characteristics of the D,, fluctuations, such as skewness,
kurtosis, autocorrelation time, and perpendicular correlation
lengths, are not affected significantly in this region, at least in
the parameter regime investigated in the presented simulation.
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The assumption that one can neglect the impact of neutral fluc-
tuations and interpret the characteristics of the D, emission as
being very similar to the characteristics of the plasma, which
is often used to interpret experimental GPI measurements, is
therefore justified at distances from the gas puff smaller than
Amfp,n- Particular care has to be taken in the analysis of GPI
measurements, if regions closer to the core are included in
the observations, where the neutrals have traversed distances
longer than Ay, , from their source, the diagnostic gas puff. In
these regions, in fact, the neutrals have interacted with plasma
structures at different radial locations and the D, emission
is strongly influenced by non-local shadowing events. This is
particularly true for the skewness, kurtosis, autocorrelation
time, and radial and poloidal correlation lengths, which are
significantly affected by the neutral density fluctuations.
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