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Abstract

®

CrossMark

The here presented work studies the dynamics of filaments using 3D fluid simulations in the
presence of detached background profiles. It was found that evolving the neutrals on the
time-scale of the filament did not have a significant impact on the dynamics of the filament. In
general a decreasing filament velocity with increasing plasma background density has been
observed, with the exception of detachment onset, where a temporarily increase in radial
velocity occurs. The decreasing trend with temporary increase was found for filaments around
the critical size and larger, while smaller filaments where less affected by detachment. With
detachment the critical filament size increased, as larger filaments were faster in detached
conditions. This breaks the trend of attached conditions, where the critical size decreases with

increasing density.

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

1. Introduction

Filaments are field aligned pressure perturbations, observed in
the tokamaks scrape-off layer (SOL), that have a much higher
amplitude than the background fluctuations. They have been
observed in most magnetized plasmas, including most fusion
devices, where various properties of SOL fluctuations have
been measured, for example the skewed probability distribu-
tion function [1-8]. In the SOL of tokamaks, filaments have
been observed to cause a significant amount of transport across
the magnetic field [9-11]. Filaments can be modelled non-
linearly in two dimensions, evolving two fields, namely the
density and the vorticity [1, 12, 13]. In this case the lack of
the third dimension, parallel to the magnetic field, is typically
closed by the advection closure or the sheath closure [13-17].
This has been extended in various ways in recent years, e.g.
including the full parallel dynamics, which is required for cap-
turing drift waves, and capturing sheath dynamics [13, 18, 19].

The dynamics of filaments has a dependence on their per-
pendicular size §,. While for small filaments a significant
amount of the diamagnetic current across the filament is closed

1741-4326/20/126047+14$33.00

via currents in the drift-plane, sheath currents are important for
large filaments [1, 13]. The radial velocity has a maximum at
a specific size - referred to as the critical size §°, which rep-
resents a balance point between these two vorticity sinks.

A major challenge for the operation of fusion devices, such
as ITER, is the power handling in the divertor. ITER will thus
have to operate in detached, or at least partially detached con-
ditions [20]. Detachment is an operational regime in which
the heat and particle target fluxes are reduced, as a significant
part of the plasma is cooled before it can reach the target [21,
22]. Detached conditions require a drop of total plasma pres-
sure along the flux tube. Charge-exchange can be an efficient
sink for plasma momentum as well as a sink for the plasma
energy, reducing the heat load at the target, as well as redu-
cing the density flux. A common condition to define detach-
ment is the so called roll-over [20, 23]. As the upstream dens-
ity is increased, during attached operation the particle target
flux increases. As detachment is reached, the particle target
flux drops with increasing upstream density, as a result of the
loss of pressure in the vicinity of the target due to the strong
interaction with the neutrals.

© EURATOM 2020 Printed in the UK
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As detachment is reached the plasma temperature drops sig-
nificantly in the vicinity of the target. This causes an increased
plasma resistivity. It has been predicted that an increased res-
istivity results in an increased radial filament velocity [24-26].
Easy et al [25] found by introducing an artificially increased
resistivity in addition to the increased radial velocity also an
increased critical size 6" with increasing resistivity [25]. The
here presented study extends the study by Easy et al [25] in a
self consistent way.

Filaments are a significant cross field transport mechan-
ism and have been shown that they significantly influence the
time averaged profiles [27, 28]. At the same time filaments
depend on the background condition [29]. Our previous study
found the importance of realistic background profiles for the
dynamics of filaments, where a strong dependence of the tar-
get temperature has been observed in attached conditions [29].
In the attached conditions, only a weak influence of neutrals
on the dynamic of filaments has been observed. The increased
resistivity by a decreased temperature did not result in an
increased velocity, as the change in target temperature had a
stronger effect [25, 29]

This work aims to extend this into detached conditions,
as it is expected that the filament-neutrals interaction will
become important in the higher density cases. This also allows
to extend the resistivity of the background plasma in a self-
consistent way to levels studied by Easy et al [25].

The model used will be introduced in section 2. After a
short introduction to the backgrounds profiles in section 3, the
results of the simulations are presented in section 4. The sim-
ulation include the direct influence of neutrals (section 4.1),
the impact of detachment on the radial velocity (section 4.2)
and on the critical size (section 4.3) as well as the rigidness of
filaments (section 4.4). The results will be discussed in section
5, before a short summary is given ins section 6.

2. Model

STORM is a 2 fluid plasma model for the study of fila-
ments [13, 25, 30, 31] implemented using the MPI parallel-
ised library BOUTH+ [32, 33]. BOUT++ allows a user to
implement fluid models in curvi-linear geometry in close to
analytical form. BOUT++- is open source, published under the
LGPL license, and thus freely available*. STORM has recently
been extended to include neutrals [29, 31].

Similar to the previous study, 1D background profiles, an
extension of the two-point model, only retaining the parallel
dimension are evolve to steady state. The 1D domain repres-
ents a flux tube, with one end representing upstream, and the
other one representing the target with sheath boundary condi-
tions. Onto the profiles the filaments are seeded and evolved.

The neutral model consists of the density of the neutrals
atoms n,, of which the logarithm is evolved. The equations
are written in Bohm units, as is the rest of the STORM code
[13, 29].

4 https://boutproject.github.io/.
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Figure 1. Temperature dependence of the neutral interaction rates
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the momentum m,, is evolved

ag? = 7V|‘Vnmn — annTn + Iy
+ FCX(U— vn) o Fionvn+
fom, Vi — Skvin) )

The charge exchange, ionisation and recombination rates
are denoted by I'X, T'°" and "™ respectively.

The temperature dependence is shown in figure 1. U
denotes the ion parallel velocity. The model is similar to the
UEDGE fluid model [34]. As the plasma flows are strongly
field aligned, evolving the parallel velocity of the neutrals
allows to model the friction in a momentum conserving
way. As the background are only one dimensional, the inclu-
sion of perpendicular velocities of the neutrals would thus
have no impact on the backgrounds. Sg(x,y,z),#) o< exp((z) —
z)? /%) - m,U, is the source due to recycling, which is a Gaus-
sian function located at the target zj = zr with falloff length
Iz of 0.1 m. The integral fSR dz =0.991,U; sums to 99 %
of the particle target flux n,U;. p,, is the neutral diffusion,
and f; is a loss fraction, compensating the lack of cross-field
losses. The temperature of the neutrals T, is not evolved, and is
assumed to be 3 eV, close to the Franck-Condon energy [35],
with the associated thermal speed v;,. Evolving the logarithm
of the density, rather then the density itself is beneficial for
the stability of the code. As the neutral density can vary quite
strongly within a small spatial region, this is of importance
for running simulation in detached conditions. The logarithm
further ensures that the density-solution always remains pos-
itive. Using the logarithm also changes the error norm, which
matters as an iterative solver (PVODE) is used to evolve the
system. Using the logarithm increases the accuracy in the pres-
ence of low densities. For the recycling, in previous models an
exponential function Sk o< exp((z) —z;)/Ir) was chosen. As
a small recycling falloff length Iz is preferred to model the
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recycling in detached conditions, this caused a strong finite-
size dependence, as the gradient is highest next to the tar-
get, thus refining the grid causes the neutrals to be deposited
increasingly close to the the target. This is avoided by switch-
ing to a Gaussian function. It still retains the strong drop-off
further away from the target. As later shown in figure 4, the
strong gradients near the sheath boundary conditions, due to
detachment, need to be resolved. Thus the mesh contained
480 points in parallel direction, giving a uniform grid spacing
of ~ 2.1 cm, significantly refined compared to previous stud-
ies [13, 29].

The geometry used is a simple slab geometry, with x being
the radial coordinate, z being the parallel direction, and y
being the bi-normal direction. Only half of the flux tube is
simulated, thus symmetry boundary conditions are used at
the mid-plane [29]. At the target sheath boundary conditions
are applied, requiring the ion velocity to reach the speed of
sound ¢;, and the electrons ¢;exp(—Vy— ?) with the floating

potential Vy= 1log( ”) and the ion-electron mass ratio is

= m;/m,.
The STORM equation describing the plasma consist of the
density n Equation for the electrons

o Voxb )
8¢ ion rec
—gn By +g a——kf -T 3)

where ¢ denotes the potential, which is the Laplacian inversion
w = V3 ¢ of the vorticity. The magnetic field is of direction
b =% and of magnitude B=0.5T. pu, is the diffusion rate for
quantity «, so u, denotes the diffusion rate for the density. g
is the effective gravity constant playing the role of magnetic
curvature. g is related to the major radius R, which is set to
1.5m thus g = f ~ 1.33m™~!. Both R, and B were chosen to
be representative of MAST. The terms containing g are drive
terms. The equation for the parallel electron velocity V is given
by

oV Vexb M
— = VV-VV vV — SV nT
T 7V VARV o=V n
V_.
+np (U= V) = 0.71pV T — T +u ViV @)

The parallel ion-electron resistivity is given by 7. Elec-
tron neutral collisions are neglected, as they only become
important below 1 eV [25]. The viscosity term y; was intro-
duced to improve the numerical stability, with the magnitude
fiy = 1600 m* s~! or in Bohm units 41 = 20 well below the
Braginskii level [36]. The equation for the parallel ion velocity
U is given by
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the equation for the electron temperature 7 is given by
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The parallel heat conduction is given by g and r
is the perpendicular heat transport coefficient. The impur-
ity radiation R™P is using the carbon radiation model from
Hutchinson [21] using an impurity fraction of 1%. The
radiation seems to have only a minor impact, and is not
responsible for the total plasma pressure drop in front
of the target. The equation for the vorticity w is given
by

%:Aw“i’-]w“i’Bw“i’Cw“i’Nw (7)
b
Ay =YXl Gl v @®)
U-vVv
Jo = VH(U— V) + TVHH )

Bw = va2w + VJ_Mw ' VJ_W (10)
g onT

L =29 1

s (1n

1 .
N, :—fv T4 =~V 16V (PF+T)
12)
with A, the advective contribution of the vorticity

equation, J,, the one arising from the current, B,
the diffusive and N, the contribution due to neut-
ral plasma interaction. The curvature drive terms are
C,. w gives the potential ¢ using the Boussinesq
approximation

—-Vig (13)
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Figure 3. Some 2D simulation data and its projection on the three base vectors shown in figure 2. Rather then the projection itself, the
projection multiplied by the basis vector is shown. All quantities are plotted on the same scale. It can be seen that the monopole contribution
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with the viscosity , given by Replacing derivatives by the inverse filament size

6 pnZ*A n & ¢TI

w=(416g8) L2 B (14 S - E— (16)

with the pressure perturbation 6,

The cross field transport coefficients are calculated self
consistently, following the derivation of Fundamenski et al ¢ ~ 5PLJ-_ (17)
[29, 37]. Further details about the model are given in ref- [EX 4 Trion
erence [29]. The neutral terms in the vorticity equation (7)
provide a sink for the drive. In order to derive a scaling for this
sink, we follow the common approach and balance the drive
term with the neutrals sink [14, 16, 17, 30, 38-40]:

we get the filament velocity

8
Vy ~ 6p m (1 8)
Thus if the curvature drive is balanced mainly by the neutrals,
the filament velocity should have no size dependence v, 5‘1.
For filaments in the viscous regime, where the drive is bal-
anced by viscosity, a scaling of v, « 51 is expected [41]. In

gonT 1 ion
;TyNEVi¢(FCX+F )

1 .
—Vi¢ -V (TX4Tn 15 !
+ n 19Vl + ) (1% the inertial regime, a scaling of v o< 07 is expected, and in the
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L =10m. The mid-plane is at the left side, and is a symmetry plane. The scales are kept the same in all sub plots, to allow an easy
comparison of the differences. Plasma density n, (green line) in units of 10" m~ and temperature T (orange dashed) in units of eV is
plotted to the linear scale on the left hand side. The neutral density n, (brown dash dotted) is plotted to the log scale on the right hand side.
Plasma pressure p, (blue dash double dotted) in units of 2 - 10" eVm ™2 is the sum of static plasma pressure npT and dynamic pressure nU?,
plotted on the linear scale on the left. On the left hand side of the plot are simulations with an energy influx of 5 W/m?, right are profiles
with an energy influx of 10 W/m?. The upstream densities ng are bottom to top no = 16 - 10'8,32-10'%,48 - 10'® and 64 - 10" m—>. The
detachment front is highlighted by a shaded area. Figure 5 provides a zoom-in of the last m in front of the target.

sheath limited regime, a scaling of v, 512 is expected, thus
the neutral scaling lies between the inertial and sheath limited
regime, and is expected to be the dominant closing mechanism
for large filaments, that are not able to connect to the sheath.
The different contribution of the vorticity can be ether
stored during the simulation, or calculated as part of the post-
processing. The new python interface for BOUT++ allows
to use exactly the same numerical implementation, that was
used during the simulation in the post-processing scripts [42].
This results in several 4D data sets that have to be compared.
By restricting to the analysis to = #,cac Where the filaments

are fastest, restricts the data set to 3D. The structure of the
contribution in the perpendicular plane is of interest [30]. In
order to further reduce the the amount of data, each 2D slice d
in the perpendicular plane was projected onto a set of phys-
ically motivated basis vectors e;;. The basis vectors e;; are
centred on the centre of mass of the filament, and periodicity
in y was taken into account such that the branch-cut was at
Yeur = Cy £ %Ly. The first 3 base vectors

2442
€0.0 — %6_167 ‘;:
) \/ T €1

19)
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are shown in figure 2
The data d can be projected onto the basis vectors, thus we
get the data components d;; for each slice in z:

d; -(Z)=€i,j-d=//ei‘,-(x,y)d(w,Z)dxdy (22)

Probably the most interesting component is the (0,1) com-
ponent which represents a dipole in bi-normal direction. This
creates an E x B force in the radial direction, and is thus
related to the radial drive. The other two moments that have

been analysed are the (0,0) component, that represents the
monopole contribution, and the (1,0) component, that in turn
describes a dipole in radial direction. A monopole in the vorti-
city field is causing a monopole potential, and thus via E X B
a spinning motion [30]. The (1,0) component, or dipole in
radial direction causes a motion in bi-normal direction. Fig-
ure 3 shows the decomposition of some data, that would rep-
resent a single point in the later discussed figure 13 in each
of the three plots for monopole, bi-normal dipole and radial
dipole.

After the backgrounds have been calculated, the neutral-
plasma interaction was modified in the filament simulations,
to study the filament-neutrals interaction in more detail. In the
“full neutral’ model, the neutrals are evolved, using the equa-
tions above, and the interaction rates I'“ are calculated self
consistently. In the ‘static neutral’ model, the neutrals are kept
at their steady state values as determined by the background
calculations, and the interaction rate I'® are calculated based



Nucl. Fusion 60 (2020) 126047

D. Schworer et al

16 T T T T T T T T
14 .
@ 12t .
£
(<]
S 10} T
x
2 8r .
B
=)
s 61 T
©
£
g 4r 1
a
2_ -
O 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9
upstream density [10'® m™3]

5 MW/m? 7 MW/m?2 10 MW/m?

Figure 6. Particle target flux roll-over plot for different energy
influxes, obtained with the described 1D model. Some of the
profiles are shown in figure 4. The shaded area represent detachment
onset, according to the onset of pressure drop.

on plasma and neutral distribution. In the ‘no interaction’
model, the neutral contribution to the vorticity Equation is
dropped.

3. Background profiles

In order to run the filament simulations, 1D backgrounds
along the parallel direction were computed using the equa-
tions described in section 2. An upstream energy source is
included which is exponentially shaped and located at the mid-
plane, as well as a Gaussian density source, which is also
located at the mid-plane. The density source was controlled
in such a way that a predefined density value upstream was
achieved. The energy influx is set to values in the range of
5 MW m~2 to 10 MW m~2 and the 1D simulation were run
to steady state. Figure 4 shows some of the obtained back-
grounds. With the exception of the bottom right figure, a sig-
nificant temperature drop towards the target is observed. The
plasma pressure, plotted with a blue dashed double dotted line
stays mostly constant, until shortly before the target. The tar-
get pressure in figure 5 ((a) and (c)) drops to 20 % of the
upstream value, while in (g) the pressure stays basically con-
stant along the flux tube, while in (b) the pressure drops to
around % of the upstream value. As the upstream plasma dens-
ity increases, the region of increased neutral density extends
along the field line, where the plasma temperature is low, and
the plasma density is increased. As long as the pressure stays
constant, a decrease in plasma temperature coincides with an
increase in plasma density to conserve pressure. 0.5 m in front
of the target the neutral density increases further, which causes
the plasma pressure to decrease several cm in front of the tar-
get. The dependence of the particle target flux on the upstream
density is shown in figure 6. For the 7 and 10 MW m~2 cases
the particle target flux increases initially before it decreases for
higher densities. In the 5 MW m~2 case the roll-over happens

below 24- 10'® m—3. This means that most of the SMW m~—?
cases are detached, while only the higher density cases at
10 MW m~? are detached. Detachment on-set, featuring pres-
sure drop, is indicated by the shaded areas for the respective
energy influxes.

While this code produces detached solutions, the details
may vary compared to more complex codes, such as SOLPS,
due to the additional neutral physics, as for example no
molecules are included, or the lack of the 2nd or 3rd dimen-
sion [22]. Further kinetic neutral effects, molecular effects,
as well as effects due to a full geometry are neglected. As
the three main interaction between plasma and neutrals are
included, namely charge exchange, ionisation and recombin-
ation, It is expected that this model still captures the general
trend and as it is the first study of interaction between filaments
and detachment provides motivation for further, more com-
plete studies. Thus the results are not expected to accurately
predict experimental observation, but capture the lowest order
effect of detachment on filament dynamics and thus give qual-
itative useful results concerning the phenomenology of fila-
ment motion in detached conditions.

4. Filament evolution

Filaments were seeded on the backgrounds discussed in sec-
tion 3. They were seeded as a Gaussian perturbation in the drift
plane, and with a tanh shape in the parallel direction, where
the length was chosen as 5 m. In the perpendicular direction a
Gaussian width of 2 cm was chosen for the initial studies [29],
which was later varied to study the role of § .

The perturbation for density and temperature was chosen
equal to the upstream background value ng and T). This keeps
the relative perturbation % as well as % in all cases upstream
constant, at % = % =1.

The filament was evolved and the centre of density was
tracked in the drift plane by taking the centre of mass above
a threshold. This is described in more detail in our previous
paper [29].

4.1. Direct influence of neutrals

Figure 7 shows the time evolution of the radial velocity of
a filament seeded on the high density backgrounds ny =48 -
10" m3 and ng = 64-10'® m~3 in the 10 MW m~2 case,
shown in figures 4(b) and (d). The no-interaction models in all
cases show higher radial filament velocity then the version that
includes the vorticity-neutral interaction, however the effect is
below 1 % in the ny = 64 - 10" m=3 case and not noticeable
in the lower density cases.

In the ny =48 - 10'® m~3 case, keeping the neutrals static
decreases the velocity by less then 0.1 %. In the ny = 64 -
10'® m—3 case where the cold detachment front is within the
seeded filament, the static neutral simulation over-estimates
the influence of the neutrals, resulting in an decreased radial
filament velocity by about 1.5 %. This can be explained by
looking at the plasma profiles, shown in figure 8.
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Figure 8. Plasma profiles at the centre of the filament. Shown in blue are the profiles just at the beginning of the simulation, before the
neutrals could adjust to the perturbation. Shown in red are the profiles after ~ 4 us. Shown is the plasma density (left), electron temperature
(centre) and neutral density (right). On the top is the nop = 48 - 10'® m~2 case, and on the bottom the ng = 64 - 10'® m~3 case, both with

10MW m™2 energy influx, as shown in figure 4((b) and (d)). The detachment front is shaded in grey.

In the nyp =48-10"® m—3 case the cold plasma region plasma region which includes a high neutral density. Thus in
does not extend into the seeded filament, and thus the neut- the ng = 64 - 10" m=3 case a significant amount of neutrals
ral density is rather low in the seeded filament. In the ng = are ionized by the filament, unlike in the ny = 48 - 10'® m—3

64-10'"% m=3 case, the filament is seeded within the cold case.
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Figure 9. Peak radial filament velocity for the backgrounds shown
in figure 4 versus target temperature of the background. The target
temperature dependency breaks down for target temperatures below
S5eV.
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Figure 10. On the left axis is the particle target flux of the
associated background profiles. On the right axis is the peak radial
filament velocity for different plasma backgrounds. The lines are to
guide the eye, and do not imply that the transition between the
points would be linear. The shaded are represent detachment onset
for the different energy influxes. A general decreasing trend of the
radial velocity with increasing density is observed, except at the flux
roll-over point, where the filaments become temporarily faster.

4.2. Dependence on detachment

Compared to the previous study, in attached conditions, the
velocity of filaments in these higher density simulations
is decreased [29]. Previously the slowest filament velocity
reached was around 550 m s~! at an target temperature of 0.8
eV. Higher target temperatures resulted in faster filament velo-
cities. In the simulations presented here the target temperature
does not drop below 2.5 eV, as the recombination acts as a heat
source for the electrons at low temperatures.

Figure 9 shows the peak radial filament velocity versus the
target temperature. While for the high target temperature cases

current density [a.u.]

Z) [m]

ng=16-10"m3
ng =32:10" m3
Detachment front

np=4810"%m?3 —-—-
ng = 64'1018 m3 — -

Figure 11. Current density at the centre of the filament after ~4 us
for the 10 MW m ™2 cases shown in figure 4((b), (d), (f) and (h)). In
the detached cases, currents near the target are strongly suppressed.
The detachment front is shaded in the respective colour.
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5 10 20 40

Filament size [mm]
attached - ignoring viscosity - A -
detached - ignoring viscosity - A-
fitted peak position
attached - full model ——
detached - full model —¥—

Figure 12. Peak radial filament velocity for different sized
filaments. The blue, filled symbols are in detached conditions
(A0MW m~2, ng =32-10"% m~3, figure 4(f)), while the red, open
symbols are in attached conditions (10 MW m~2,

no = 48-10' m3, figure 4(d)). The downward pointing triangles
are from simulations using the full model, whereas the upward
pointing triangles are from simulations ignoring the perpendicular
viscosity. The fitted position of the critical size is shown as red dots.

our previous findings of a target temperature dependence are
reproduced [29], this does not hold for target temperatures
below ~5 eV. The main differences to the previous study is
the increased plasma density, as well as the Franck-Condon
energy source from ionisation.

To understand the dependence of the filament velo-
city in detached conditions, figure 10 shows the filament
velocity as a function of upstream density, as well as
particle target flux of the associated backgrounds. The
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Figure 13. Contributions of the vorticity equation for the ng = 48 - 10'® m = 10 MW m 2 case for different sized filaments. The
contributions are split in the base-functions discussed in section 2. The advective contribution is not shown, as it is magnitude is well below

3 % of the other contributions.

filament velocity generally decreases with increasing dens-
ity. The SMW m~2 case has an exception for densities
less then no =32-10'"® m—3, the 7MW m~2 case between
np=32-10" m=3 and np=40-10" m~> and the I0MW
m~2 case between ng = 32 - 10" m—3 and ny = 48 - 10"¥ m—3.
The particle target flux roll-over is at ng = 16-10'® m—3,
no=24-10" m=3 and ny =40-10"® m=3 respectively. In
all three cases, with increasing density the target flux roll-
over and pressure drop happen, and at even higher dens-
ities the radial velocity increases temporarily. This sug-
gests that after detachment is reached, the filaments get
faster, before the velocity begins to decrease again. At this
point, a cold and dense plasma in front of the target is
building up and with increased density as well as decreased

temperature, the resistivity is significantly increased, which
suppresses currents in the filament reaching the target.
Figure 11 shows the current density in the centre of the fila-
ment, for the 10 MW m~2 cases.

While in the attached cases, the currents flow to the tar-
get on the right hand side, in the detached cases the currents
are only flowing to the edge of the cold plasma region, where
strong currents due to the large density gradients are observed.
The increase of the filament radial velocity with increased res-
istivity was predicted [24-26]. The decrease of the filament
velocity with increasing density is at least partially due to
a decreased drive as the temperature is decreased. In addi-
tion to an decreased drive, the plasma viscosity increases,
which also reduces the filaments velocity. Thus in general the
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Figure 15. Critical size of the different densities shown in figure 14.
The shaded region denotes the onset of detachment. The
backgrounds have an energy influx of 10 MW m~2, and the
densities range from ny = 16 - 108 m—3 to nyg=64- 10" m—3.

decreased drive and the increased viscosity are dominating
over the increased parallel resistivity for most densities, with
the exception after detachment is reached, where the velocities
temporarily increase and the increased resistivity dominates
over the other changes.

4.3. Dependence of critical size

The sink for the vorticity drive, and thus the dynamics of fila-
ments strongly depends on the size of the filament with respect

to the critical size 6". For small filaments, i.e. §, < §*, the
vorticity is balanced mostly in the drift plane, and the fil-
ament velocity increases monotonically with size. For large
filaments, the vorticity is balanced predominantly via paral-
lel dynamics, and a monotonic decrease with filament size is
expected.

To further understand the influence of detachment on fil-
ament dynamics, different sized filaments where seeded on
the background profiles. The result of the filament size scan
is shown in figure 12.

Also shown is the critical size, as determined by fitting a
quadratic function in log-space using gnuplot [43]. Addition-
ally to the full model, a second case is run where the perpendic-
ular viscosity is set to zero. While the perpendicular diffusion
constants are physically motivated, the real value is not known.
Some models do not include viscosity or diffusion at all [18,
44]. The previous study found a strong viscosity dependence
of the filament dynamics, thus the viscosity dependence was
once more investigated. The neo-classical viscosity values
were assumed to be the upper bound and setting the vis-
cosity to zero is a natural lower bound. Thus the resulting
error of this uncertainty is expected to be bound by the full
model on one side, and by the no-viscosity case on the other
hand.

In the filament size scan in attached conditions, the regime
transitions from the viscous regime for small filaments to the
sheath limited regime for large filaments, where sheath cur-
rents are the main current closing mechanism. In detached con-
ditions, for small filaments, the vorticity drive is mainly bal-
anced by viscosity. For large filaments, sheath current can no
further close the vorticity drive, as sheath currents are strongly
suppressed, as shown in figure 11. As mentioned earlier, the
filament scaling expected for neutrals does not have a size
dependence. As with increasing size the monotonic decrease
is retained, while the high resistivity strongly reduces sheath
currents, sheath currents are not fully suppressed.

Looking at the contributions in the vorticity equation, it can
be observed that the viscosity contribution is increasing for
filaments until 6; =~ 20 mm. While the viscosity contribution
within the filament decreases with increasing size, the con-
tribution at the detachment front shows a more complicated
behaviour, as shown in figure 13. While for small filaments the
vorticity is balanced locally, for large ones the vorticity drive
is advected towards the sheath, and as the viscosity is more
effective at higher density and lower temperature, the viscosity
still provides a significant closing mechanism at the front of
the detached volume, but decreases quickly with increasing
size due to the 612 dependence.

As the vorticity sink provided by viscosity is decreasing
with increasing size, the impact of the neutrals is increas-
ing. For the §; =20 mm filament, the neutrals contribution
is roughly 61—0 of the viscosity contribution, while in the §; =
40 mm case the the neutrals have nearly doubled their impact,
and the neutrals contribution is about % of the viscosity con-
tribution.

In the full model, the filaments of 14 mm and larger are
faster in the detached condition than in attached conditions.
This is expected, as small filaments are not influenced by



Nucl. Fusion 60 (2020) 126047

D. Schworer et al

5 MW/m? 10 MW/m?
1.1 T T T T T T T
a— | n\. ™~ 1 N 4
@ \ \ 1 N | i
iﬂ)i 0.7 \ N N '
& N \ - |\
S 06p g B T A T
© N o a1 R
he] 5 \ v
€ 05¢f N "\ 1 i _
o N, . |
g ~. N B
s 04r I~ \\ T P ]
£ \"\ N | "\
2 03 e 4 S )
ON | ! \
X, T
0.2 i n0=16~1018 l : \‘. .
ng=32-1018 il N
0.1 1 np=48-1018 —-—- T _
' no=64-10"8 — — il
detachment front i
0 1 1 1 1 1 1 11
0 1 2 3 4 0 1 2 3 4 5

z[m]

z)[m]

Figure 16. Dependence of the filaments radial displacement after 4 ;s on the parallel direction z) for the different backgrounds in figure 4.
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was seeded. The detachment front is represented by a shaded area. In the ng = 64 - 10' m=* 10 MW m~2 case the detection did not work
reliably around z; =~ 4 m, as the background density features strong parallel gradients, thus small movements of the detachment front

making the detection of the centre of the filament unreliable.

sheath currents, and the increased viscosity, i, o nT~? as
mentioned in equation (14), resulting from the higher dens-
ity in detached state will thus reduce the velocity the filament
achieves. For large filaments, the suppression of sheath cur-
rents is much more important and the effect of viscosity is
weaker, thus they are faster in detached conditions. In the case
without viscosity, the filaments of all sizes, down to 5 mm
are faster in the detached condition than in the attached case.
This indicates that even for 5 mm filaments, in the absence of
perpendicular viscosity, parallel dynamics plays a role, as a
significant part of the vorticity drive is advected towards the
target. In the low resistivity, attached case, sheath currents
provide a monopole contribution, and the £ X B term causes
a significant contribution to the vorticity sink. In the high res-
istivity case, the E x B contribution is significantly reduced.
In that case parallel advection and diffusion are preventing
further acceleration of the filament. Therefore in the absence
of viscosity, even the small filaments are influenced by the
sheath conditions, thus filaments of all sizes achieve higher
velocities in detached conditions, where sheath effects are

suppressed.

The full model as well as the no viscosity model shows
an increase in velocity with detachment for larger filaments.
Further, the critical size ¢° increases significantly with
detachment. Note that §" is defined as the perpendicular size
where filaments are fastest.

To put these results further into context, the scan has been
extended to more densities, as shown in figure 14

The density dependence of filaments of §; =20 mm has
already been discussed in section 4.2. The trend is the same

for larger filaments as well, while small filaments (10 mm
and smaller) show a monotonic decrease with increasing dens-
ity. In attached conditions the critical size §° decreases with
increasing density. This is in contrast to our previous study,
where a increase with increasing density was observed. The
main difference between the two studies is, that here the
energy influx was kept constant, whereas in the previous study,
the upstream temperature was kept constant [29]. In the case of
a fixed heat flux, an increased density results in an decreased
temperature, due to pressure conservation. It seems thus that
the decreasing temperature reduces the critical sizes stronger,
then the density increases the critical size. As detachment
is reached, the critical size §" shifts dramatically to larger
sizes. This can be explained by the suppression of sheath cur-
rents, which allows larger filaments to reach higher velocit-
ies. As larger filaments are faster, the critical size is shifted
towards larger sizes. Figure 15 shows the plot of the critical
size plotted against the respective density. The critical size
was determined by fitting a quadratic function against the
radial velocity versus logarithm of the perpendicular size using
gnuplot [43]. In the ng = 64 - 10"® m—3 case the critical size is
further increased with respect to the ng =48 - 108¥ m—3 case,
which is already detached. This demonstrates the importance
of how far the detachment has moved upstream, which roughly
linearly increases the collisionality integrated along the flux
tube.

Based on these results, it is expected that for experimentally
observed filaments in detached conditions are generally slower
than in fully attached conditions, however not a simple rela-
tionship with detachment is expected, but rather filament size
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§, with respect to the critical size §* needs to be taken into
account.

4.4. Rigidness of filaments

Filaments have been observed to bend in electro-magnetic
models, where the pressure perturbation is not any more much
smaller than the magnetic pressure [44]. The model used here
however uses the electrostatic assumption, and in previous
studies the filaments have been observed to be rigid.

The radial displacement of the filaments seeded on the
backgrounds shown in figure 4 has been computed for the dif-
ferent x-y-slices along z) and is shown in figure 16. In attached
conditions, the velocity has no ) dependence, and the fil-
ament moves rigidly. Also in detached conditions, the fila-
ments in 7o =48-10'® m=3 10 MW m~2 as well as ny =
32-10"® m—3 5 MW m2 still move rigidly. Only the fila-
ments in no = 64 - 10"® m—3 with 10 MW m~—2 and 5 MW m 2
as well as ngp =48 -10'"® m=3 5 MW m~2 show bending. In
addition all showing a low radial velocity, the filaments that
bend have in common that they were seeded partially within
the detached region. This prevents currents within the filament
to flow freely, which explains why the vorticity within the fila-
ment is strongly dependent on the position within the filament.

In figure 16 the filaments that are in a detached region
show significant bending. Around the detachment front, the
filament has only move 60 % of the upstream value. Within
the detached region, the retardation is even more promin-
ent. The bended filaments are seeded on the backgrounds
shown in figure 4(a)—(c). Whilst this is an idealised scen-
ario as the filaments are seeded partially within the detached
region, the deviation of filaments from field alignment in
detached plasmas may be a useful result for experimental
comparison.

5. Discussion

Similar to the previous study, strictly in attached conditions,
keeping the neutrals fixed at their background values has only
a minor impact on the dynamics of filaments. If filaments
are able to penetrate into a detached region, they can ion-
ise significant amount of neutrals, which may be relevant to
detachment burn-through studies, however. Burn-through is
not studied in this paper, as the neutral code was unstable close
to re-attachment.

Easy et al predicted that a cold divertor could increase the
radial velocity of filaments, as well as the critical size § * due to
a rise in collisional resistivity [25]. While both an increase in
radial velocity as well as an increase of §* has been observed
as detachment is reached, the increase of the radial velocity is
rather weak, and a hotter divertor yields higher radial velo-
cities in general. It has been suggested that detachment, or
more generally a high collisionality in the divertor could be
the cause of SOL flattening, as the high resistivity could pre-
vent sheath currents, and thus increase the radial filamentary
transport [45, 46]. This study shows that collisionality may
be responsible for a change of filament dynamics, rather then

e.g. the increased neutral density. However, the increase of
filament velocities with detachment is well below the radial
velocities in sheath limited conditions, so this study does not
support the hypothesis that shoulder formation is the result
of high divertor collisionality and increased filament transport
fluxes. The increase with detachment was significantly larger
then the errors due to solver accuracy, finite discretisation or
finite domain size effects, which were found to be below 2 %.

Furthermore, as a high plasma density as well as a low
plasma temperature is required to achieve a sufficiently high
resistivity to sufficiently prevent sheath currents to influ-
ence the filament dynamics, this will most likely not be the
case in the far SOL, thus even if the acceleration caused by
detachment is higher then suggested by these simulations,
the velocity should quickly drop, once the filament is con-
nected to a lower density region and thus can connect to the
target.

After detachment occurs, a strong increase of the critical fil-
ament size §* with increasing density is observed. In attached
conditions a weak reduction of the critical size with increased
density is observed, which is associated with a reduction of the
temperature as the energy influx is kept constant. After detach-
ment occurs, cold and dense plasma at the target is suppressing
sheath currents, and with increasing density the detachment
volume is increasing, thus shifting the critical size to larger
values. While neutrals can partially compensate for the lack
of sheath currents, the vorticity sink due to neutrals is over an
order of magnitude smaller than the sink due to viscosity.

The observed filament bending agrees with Easy et al [25]
where bending was observed if the resistivity was uniformly
enhanced, whereas a localized resistivity at the target resul-
ted in a rigid filament [25]. Note that this bending mechan-
ism would only be expected in experiments, if the filament is
within the cold, dense plasma region. The bending was only
observed in cases where the detachment front has moved quite
far upstream, and the filament was within the detached plasma.

Easy et al [25] increased the resistivity artificially by up
to a factor of 10 000 and estimated that the temperature at the
divertor would need to drop to 0.086 eV compared to the 40 eV
reference case [25]. The estimates assumes that the resistiv-
ity has a temperature dependency v T-3/2. However, the
resistivity also has a density dependence i.e. v ocn - T~3/2. If
we assume that the pressure n - T is preserved (same upstream
conditions but colder divertor) the scaling can be expressed
again in terms of the temperature: v T-5/2. Thus achiev-
ing the 10 000 increase only requires 1 eV—which is much
closer to the temperatures reached here and may explain why
the bending effect is seen in the detached simulations.

While Easy et al [25] predicted that the velocity will be
increased with increased resistivity, the self-consistent simu-
lations conducted here show that the increase with detachment
is significantly smaller, than the net decrease with respect to
attached simulations, where target temperatures above 25 eV
reach velocities exceeding 2 km/s—whereas in detached con-
ditions only about 1 km/s was reached. However, a change in
the transition of filament dynamics from inertial or viscous to
sheath-limited is observed and the critical size of filaments §"
increases dramatically after detachment. This is in agreement
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with experimental observation, that an increased collisional-
ity does not result in an increase of the radial filament velo-
city [47]. Rather an increase of the filament size coincides with
shoulder formation [47].

6. Summary

The paper presents attached as well as detached 1D parallel
plasma profiles and the dynamics of filaments in a 3D slab
geometry seeded on these profiles. The detachment features
particle target flux roll-over as well as a significant plasma
pressure drop. Detachment was achieved by using a refined
neutral model, which is able to capture and evolve steep gradi-
ents in the neutral density, which is observed near the target.

In terms of dependence of the filament dynamics on the
background conditions, a general decreasing trend of radial
filament velocity with increasing plasma density is observed.
This trend is temporarily broken as detachment is reached,
where especially filaments larger then 6" are faster then before
detachment. This is caused by the higher parallel resistivity.
This also causes an increase of the critical size, which further
increases as the detachment front moves further upstream an
the integrated resistivity increases.

While detachment can increase the radial velocity, the
observed radial filament velocities in hotter, attached plasmas
are still faster then the ones observed in detachment.
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