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Abstract

In this work, single- and two-fluid resistive magnetohydrodynamic calculations of the plasma
response to n = 3 magnetic perturbations in single-null (SN) and snowflake (SF) divertor
configurations are compared with those based on the vacuum approach. The calculations are
performed using the code M3D-C! and are based on simulated NSTX-U plasmas. Significantly
different plasma responses were found from these calculations, with the difference between
the single- and two-fluid plasma responses being caused mainly by the different screening
mechanism intrinsic to each of these models. Although different plasma responses were
obtained from these different plasma models, no significant difference between the SN and SF
plasma responses were found. However, due to their different equilibrium properties, magnetic
perturbations cause the SF configuration to develop additional and longer magnetic lobes in
the null-point region than the SN, regardless of the plasma model used. The intersection of
these longer and additional lobes with the divertor plates are expected to cause more striations
in the particle and heat flux target profiles. In addition, the results indicate that the size of

the magnetic lobes, in both single-null and snowflake configurations, are more sensitive to
resonant magnetic perturbations than to non-resonant magnetic perturbations.

Keywords: snowflake divertor, RMP, plasma response, two-fluid MHD

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

1. Introduction plasma pressure profile at the plasma edge, which leads to repet-

itive instabilities known as ‘edge localized modes’ (ELMs).
The high confinement mode (H-mode) is seen as the most These instabilities have been identified as ideal magnetohydro-
promising operational regime for obtaining economically dynamic (MHD) modes triggered by the increased plasma pres-
attractive fusion power plants based on the tokamak concept.  sure gradient and/or current density in the plasma edge [1-4].
This regime is characterized by the formation of a very steep  The crash of these modes releases a significant fraction of the
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Figure 1. (a) Poloidal cross-section of NSTX with poloidal flux contours from the SN reference discharge # 132543 at 700 ms.
(b) Electron, ion, carbon and neutral beam injected fast particle densities. (¢) Toroidal ion angular rotation and electron and ion
temperatures. (d) Electron, ion, neutral beam injected fast particle, and total plasma pressures. Light blue contours around the primary

separatrix in (a) illustrate the expected SOL width A s = 3 mm.

plasma thermal energy into the plasma scrape-off layer (SOL)
that can lead to unacceptably high transient heat fluxes onto the
divertor targets [5]. The erosion caused by these bursts of energy
can reduce significantly the lifetime of the plasma-facing comp-
onents (PFCs) thus driving the need for ELM control in large
devices such as ITER. Several experimental, numerical and
theoretical studies worldwide have demonstrated that the pres-
ence of relatively small non-axisymmetric resonant magnetic
perturbations, created by currents flowing in non-axisymmetric
coils outside the plasma, can be used to suppress ELMs [6]. The
results from these studies led to the addition of ELM control
coils to the ITER baseline design [7].

To demonstrate a sustained burning plasma operation with
fusion power gain factor Q > 10, while preserving the integ-
rity of the PFCs, ITER will have to rely on a high fraction
of power exhausted through radiation. In the demonstration
power plant (DEMO) that is planned to follow ITER, and in
future fusion power plants, this fraction is expected to be of
the order of 95% [8, 9]. However, it is still unclear if these
conditions can be achieved in reactor-sized machines while
maintaining operation in the H-mode [9].

To mitigate the risk that highly radiating regimes may not
extrapolate towards devices like DEMO, several alternative
magnetic divertor configurations, such as the snowflake (SF),
have been proposed and are being researched. The SF divertor
is characterized by a second order null-point, an hexagonal
structure with four divertor legs, and a lower poloidal magnetic
field in the vicinity of the null-point compared to a conven-
tional single-null (SN) divertor [10—12]. In practice, however,
the SF configuration features two nearby first order null-points
instead, since the currents in the poloidal field coils always
differ slightly from those required for creating an exact SF

configuration. In such SF configurations, the primary x-point
determines the last closed flux surface (LCFS) while the sec-
ondary one can be located either in the private flux region of
the primary separatrix, usually referred to as snowflake plus
(SF+), or in its common flux region, usually referred to as
snowflake minus (SF—). Due to its lower poloidal magnetic
field in the null-point region, the SF configuration is expected
to have a larger flux expansion in the vicinity of the null-point,
larger divertor volume and a longer connection length.

Several machines have demonstrated experimentally
the feasibility of the SF divertor, namely the TCV tokamak
[13, 14], the NSTX spherical torus [15-17] and the DIII-D
tokamak [18]. Experiments in these devices have shown that
the SF configuration leads to a substantial decrease of the peak
heat flux on the divertor plates. In addition, it facilitates the
access to detachment while keeping the energy confinement,
L—H threshold and H-mode pedestal height similar to those
obtained in similarly shaped SN diverted plasmas [14, 16, 18].

The ELM control coils and the snowflake divertor are two
potential solutions that have been proposed to solve two separate
outstanding issues on the path towards self-sustained burning
plasma operations. In a reactor, these two solutions would
have to operate simultaneously and, therefore, it is important
to investigate whether these solutions are compatible and can
operate simultaneously without major conflicts. In this work,
the effect of externally applied magnetic perturbations on the
SF divertor configuration is investigated on NSTX-U through
numerical simulations. This article is organized as follows: sec-
tion 2 describes a series of NSTX-U SF + equilibria with var-
ious distances between primary and secondary x-points. Before
perturbing these SF equilibria with non-axisymmetric magnetic
fields, this set of equilibria is characterized and discussed in
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Figure 2. Poloidal cross-section of NSTX-U with poloidal flux contours from (a) a SN configuration (dyys = 110 cm) and from the series
of SF+ equilibria with various distances between primary and secondary x-points: (b) dxps = 54 cm, (¢) dxps = 46 cm, (d) dypis = 30 cm,
(e) dypis = 21 cm, (f) dxpis = 10 cm and (g) dypis = 4.4 cm. Blue and red curves correspond to primary and secondary separatrices. Light

blue contours around the primary separatrix illustrate the expected SOL width Agus

section 3, where the effect of the divertor configuration on the
main SOL features is presented. Section 4 presents the physical
model of the M3D-C! code used to model the plasma response
to the applied magnetic perturbations. Section 5 presents
single- and two-fluid resistive MHD calculations of the linear
response to magnetic perturbations of NSTX-U plasmas in both
SN and SF configurations. The results from these two plasma
models are compared with those obtained without the plasma
response and the differences between the results from these two
plasma models are discussed. Section 6 presents the effect of
the divertor configuration on the manifolds (magnetic lobes)
calculated using single- and two-fluid resistive MHD models
and the results are compared with those without considering the
plasma response. The main results are summarized in section 7.

2. NSTX-U SF configurations

A series of NSTX-U SF+ equilibria, with various distances
between primary and secondary x-points, was created to
evaluate the influence of the divertor configuration on the
geometrical properties of the SOL. These equilibria were cre-
ated with the free-boundary equilibrium code ISOLVER [19]
using the plasma kinetic profiles and global plasma param-
eters from a typical single-null NSTX ELM-y H-mode dis-
charge (#132543), figure 1. In this NSTX discharge, the
global plasma parameters were: minor radius a = 0.57 m,
elongation k = 2.1, top triangularity 6y, = 0.36, bottom tri-
angularity dpo = 0.71, safety factor at 95% and 97% of the
normalized poloidal flux gos = 7.4 and gg7 = 8.6, total input
power P, = 6.2 MW, plasma current I, = 1.1 MA, toroidal
magnetic field By = 0.43 T and Oy = 4.8.

To generate the NSTX-U configurations, the plasma
boundary and the position of strike points, x-points, and magn-
etic axis, were all adjusted by varying the PF coil currents in
order to move the primary x-point far from the wall to have

mm.

more space to vary the distance between primary and sec-
ondary x-points with the secondary x-point inside the vacuum
vessel. The distance between the two nearby x-points in these
equilibria was decreased from approximately dyps = 110 cm
to 4.4 cm, figure 2. The location of the primary x-point was not
set to optimize divertor performance but to well separate the
null-point region from the divertor targets. To take advantage
of the increased flux expansion, the null-point region should
be placed relatively closer to the divertor targets.

A recent scaling for the SOL width at the upstream posi-
tion, A, us, Was obtained from regression in a multi-machine
database for inter-ELM heat flux measurements in attached
H-mode plasmas [20]. Using the plasma parameters from the
NSTX reference discharge, this scaling predicts a Ay s~ 3
mm for this series of NSTX-U SF+ equilibria. This expected
value for the SOL width is represented in figures 1(a) and 2 by
light blue flux contours around the primary separatrix.

3. Geometrical properties of the NSTX-U SF
equilibria

One of the main features of an exact SF configuration is that
not only the magnitude of the poloidal magnetic field, By, at

The

the primary x-point vanishes but also its gradient, |@By|xpl.
value of |VB9|xpt is thus a measure that indicates the proximity

of a divertor configuration to an exact SF. The value of]| ?Bg\x ot

for the SF+ configuration with the shortest distance between

X-points, |€B@|Xpt = 0.061Tm ', is about 5 times smaller than
for the SN, \?B@\xpt = 0.33T m™!. The proximity of a divertor
configuration to an exact SF can also be parametrized by o,
defined as the distance between the two nearby x-points, dypys,
normalized to the plasma minor radius, a, figure 3. For values

of o 2 1.0, the secondary x-point does not affect the poloidal
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Figure 3. Gradient of the magnitude of the poloidal magnetic field

at the primary x-point, WBg\Xpl, normalized to By us/a, as a function

of o.

field distribution near the primary x-point and, therefore, any
NSTX-U divertor configuration with o= 1.0 is expected to
behave as a SN divertor. In this work, the SN configuration
(0~ 2.2) is used as a reference to evaluate the modifications
in the SOL geometrical properties caused by changes in the
divertor configuration.

The SOL geometrical properties used here to characterize
the NSTX-U divertor configuration are the smallest magni-
tude of the poloidal magnetic field on a flux surface in the
vicinity of the primary x-point, By npr, the minimum distance
of a flux surface to the primary x-point, p,, which is closely
related to the divertor volume, and the connection length, L,
here defined as the length of a magnetic field line between
the upstream position and the outermost strike point on the
divertor target. The radial dependencies of these SOL proper-
ties are shown in figure 4 with the radial coordinate being the
distance from the LCFS at the upstream position, p,.

The magnitude of By, is found to decrease as o is reduced.
This causes the value of p,,,, to exceed that of the SN for the entire
SOL width by more than 50%. This indicates that the NSTX-U
SF configuration is expected to take advantage of a significantly
larger divertor volume, which is usually associated with larger
radiative losses and greater energy transfer to neutrals [21].

Higher values of L;, are usually associated with lower
electron temperature at the divertor target and easier access to
detachment [21]. The results show that, in the SF configura-
tion, only about one third of the SOL close to the separatrix
(pys S 1.1 mm) experiences a longer L than that in a SN con-
figuration, while the outer part of the SOL has approximately
the same geometrical properties in both configurations.
Previous experiments on NSTX, however, showed that the SF
configuration facilitates access to detachment [16]. Assuming
that both NSTX and NSTX-U have similar SOL features, it is
noteworthy that the advantageous effects of the SF configura-
tion are noticeable experimentally even though only a small
part of the SOL in the immediate vicinity of the separatrix has
all the properties associated with a SF. This result agrees with

4 : : :
Predicted SOL Width
. . »

(b)
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Figure 4. Radial dependencies of the SOL geometrical properties
of the set of SF+ equilibria with various values of ¢ as a function
of the upstream coordinate p,. (a) Smallest magnitude of the
poloidal field in the vicinity of the primary x-point. (b) Minimum
distance of a flux surface to the primary x-point. (¢) Connection
length between upstream position and the outermost strike point.
The shadows represent the expected value for the SOL power
fall-off length A, ys = 3 mm.

previous studies, which show that in medium-sized machines,
such as NSTX, NSTX-U and the TCV tokamak, the enhance-
ment of the SOL properties are predicted to be limited to the
inner part of the SOL close to the separatrix [22]. In DEMO-
sized machines, however, the SF properties are expected to be
significantly enhanced across the entire SOL. Note that even
though the SF configurations created in present machines are
not expected to have all the geometrical properties enhanced
across the entire SOL [22], significant changes of the cross-
field transport in the null-point region of the SF divertor,
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Figure 5. Perturbation of the total plasma pressure from the
two-fluid plasma response to an externally applied » = 3 magnetic
perturbation.

compared to that in a SN configuration, have been observed
[22-24]. Several mechanisms have been proposed to account
for these experimental observations, such as stronger E x B
in the null-point region [25] and triggering of a so-called
‘churning mode’ [26, 27], among others [28].

4. The M3D-C! code

M3D-C! is a code developed to study various plasma phe-
nomena of interest to controlled thermonuclear fusion [29]
and, in this work, it is used to estimate the plasma response to
applied non-axisymmetric magnetic perturbations.

The M3D-C! code is a parallel, finite-element code capable
of calculating the solution of resistive single-fluid and two-
fluid MHD equations in diverted, toroidal geometry [30].
Here the capability of M3D-C! is used to solve a set of time-
independent equations, namely

V- (nvy) =0, (1

- =

minﬁi-?ﬁi:JxB'—ﬁp—V-Hi, (2)

%er@-ﬁﬁr?ﬁ:nﬂf

_H“%j_na;—n'[%vn_ﬁ%} @
VxE=0, )

V % B = py, ©)
E:ni—vix§+%(7x§—%e), (6)

where ¥ is the ion fluid velocity, p, and p the electron and
total plasma pressures, J the electric current density, B the
magnetic field, E the electric field,

I = —p1; [V¥i + (V)] (7)
the ion viscosity tensor and
G=—rV(T.+T) — rB(B - VT.)/B?, ®)

the heat flux, which accounts for isotropic and parallel heat
conduction transport.

In these calculations, quasi-neutrality is assumed
(n. = n; = n), the electron and ion temperatures are defined
as T. ; = p, ;/n, m; is the ion mass, here assumed to be that of
deuterium, I" is the ratio of specific heats, here assumed to be
equal to 5/3, nis the Spitzer electric resistivity,  and ) are the
isotropic and parallel heat conductivities, with k)/k = 10, and
1; the isotropic ion viscosity. Both « and p; are kept constant
across the computational domain at values x = 1.5 x 10%°
m - s7land g, =52x 107 kg - m™! - s7L, such that at
the top of the total pressure pedestal, where n;~ 5.0 x 10'°
m 3, the heat and momentum diffusivities are, respectively,
X = k/ni=3.0m? s and n, = p/(min;) ~3.1m? s~

In this work, only the linear plasma response is considered,
such that n, p, ;, Vi, J s B and E are separated into equilibrium
and perturbed components, e.g. n = ng+ 6n, and only the
linear perturbed terms are retained. The perturbed part of the
magnetic field includes both the applied magnetic perturba-
tion and the plasma response. In the system of linearized equa-
tions, the electron and ion perturbed pressures are assumed
to be half of the total perturbed pressure, dp, = ép; = 6p/2.
This assumption is found to significantly improve the compu-
tational efficiency without affecting the results significantly.

In the calculations presented in this work, the six NSTX-U
non-axisymmetric midplane coils, usually referred as resistive
wall mode, error field (RWMEF) coils [31, 32], are used to
create the magnetic perturbations and are modelled as curved
rectangles extending exactly 60° in the toroidal direction.
The magnetic perturbations have n = 3 toroidal periodicity
with 1 KA of current circulating in each coil. The perturbed
magnetic field produced by these currents is calculated using
Biot-Savart law and, therefore, all the toroidal harmonics up
ton = 18 (determined by the finite grid spacing in the toroidal
direction) generated by these coils were taken into account in
these calculations.

To solve the system of linearized equations, a perfectly
conducting wall is assumed at the computational domain
boundary and, therefore, the sum of the equilibrium and
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Figure 6. Poloidal Fourier spectrum of the perturbed magnetic field normal to the unperturbed flux surfaces ((a)—(b)) without plasma
response, and ((c)—(d)) with single- and ((e)—(f)) two-fluid plasma responses in the NSTX-U SN and SF configurations. ((g)—(1))
Amplitude of the poloidal Fourier harmonics along the resonant condition m = 3¢ indicated by the white dashed lines in ((@)—(f)).

applied magnetic perturbations is held fixed along the
boundary domain. The perturbed quantities, however, are
forced to vanish at the computational boundary, here taken to
be the NSTX-U inner wall, figure 5.

In the two-fluid M3D-C! model, the electron and ion fluid
velocities are distinguished and, in these calculations, the equi-
librium ion fluid velocity is assumed to be entirely toroidal,

Vi = RO (W)ey, )
with €; being the toroidal ion angular rotation and R the radial
coordinate. The equilibrium electron fluid velocity, however,
has both toroidal and poloidal components,

_ . KW -
Ve = Rwe(P)é,; + LB, (10)
n

with we(¥) and K(¥) being flux surface functions that depend
on equilibrium parameters [33]. Note that the flux surface
averaged electron angular rotation perpendicular to the magn-

etic field,
W Byx VU
Q)= (L. BoxV
ey =4 1By x V0|

is proportional to we, wWhich is distinct from the flux surface
averaged toroidal electron angular rotation,

)= <%>we(\lf), (a1
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A

\73-6¢

B,
(D) = (—=2) = () + (—2)KW).  (12)
Rn
In M3D-C!, the single-fluid model is recovered by omitting
the last term of equations (3) and (6), which constraints the
electron and ion fluid velocities to be the same and both equal

to the E x B velocity.

5. Effect of the divertor configuration
on the plasma response

In this section, the effect of the divertor configuration on the
plasma response to applied » = 3 magnetic perturbations is
investigated. To evaluate the changes in the plasma response
associated to the SF divertor, the linear plasma response of
the SN configuration is used as a reference. Due to the sen-
sitivity of the SF configuration to fluctuations of the shaping
coil currents, values of o as low as 0.1 are usually achieved
only transiently during experiments. Therefore, to evaluate
effects that can be observed within the experimental limits, a
SF+ configuration with o = 0.3 will be used in these calcul-
ations. The single- and two-fluid plasma responses in both
SN and SF configurations are calculated and compared with
calculations assuming no plasma response, usually referred to
as the ‘vacuum approach’.

The vacuum approach calculations provide almost identical
results for both SN and SF configurations and predict a sig-
nificantly broader spectrum of poloidal Fourier harmonics near
the plasma edge than in the plasma core region, which is just a
consequence of the radial multi-pole decay of the poloidal har-
monics generated by the n = 3 perturbations. This can be seen
in figures 6((a)—(b)), which show the amplitudes of the poloidal
harmonics of the perturbed magnetic field normal to the unper-
turbed flux surfaces computed by the SURFMN code [34] using

Qm)? (2 (2 6BV oo
6an: —— ¢ imé ”¢>d6*d s
= h kTR 4

13)

where 6B is the amplitude of the total magnetic perturbation,
which is the sum of the applied magnetic perturbation and the
plasma response, B is the equilibrium magnetic field, A is the
poloidal surface area of the magnetic flux surface of interest,
m is the poloidal mode number, ¢ is the toroidal angle and 6* is
the straight-line magnetic field angle, such that d9* = ¢~'d¢.
The negative values of the harmonics along the resonant con-
dition m = gn (dashed white lines in figures 6((a)—(f))) indi-
cate that the plasma has left-hand helicity, which is caused by
the opposite signs of the plasma current and toroidal magn-
etic field relative to each other. The finite amplitude of the
tearing (resonant) components along the resonant condition,
figures 6((a)—(b) and (g)—(h)), indicates the formation of
magnetic islands that, depending on their width, can overlap
creating a region of stochastic magnetic field lines. The
calculations also show kink (non-resonant) components with
m > nq concentrated close to the plasma edge.

The plasma response from the single-fluid calculations,
however, show a significant screening of the tearing comp-
onents across the plasma with respect to the vacuum approach,
with a strong amplification of the non-resonant kink comp-
onents m/n = 12/3 and m/n = 17/3 and also some components
with higher values of m near the plasma edge, figures 6((c)-
(d) and (g)—(h)). Note the different ranges of values in the
color scale of this figure. No significant differences between
SN and SF configurations are found in the vacuum and single-
fluid calculations.

The two-fluid calculations for both SN and SF configura-
tions show a substantial screening of the tearing components
in the plasma edge, with respect to the vacuum approach but,
in contrast to the single-fluid results, a significant amplifica-
tion of the tearing components is found at the ¢ = 17/3 rational
surface for the SN and at both the ¢ = 12/3 and 17/3 rational
surfaces for the SF, figures 6((e)—( f) and (g)—(h)). The non-
resonant kink components in both the SN and SF configura-
tions are significantly smaller than those in the single-fluid
calculations.

The different plasma responses obtained from the single-
and two-fluid calculations are caused by the different
screening mechanisms of these two plasma models. The
screening of external magnetic perturbations is always caused
by the electron rotation but, in the single-fluid model, the elec-
tron rotation is equal to the E x B rotation while, in the two-
fluid model, diamagnetic rotation also affects the screening. In
the single-fluid calculations, the E x B rotation is sufficiently
large across the plasma to prevent the perturbations from pen-
etrating, except at the plasma edge, where the E x B plasma
rotation reverses its direction, figure 7.

Concerning the two-fluid model, theoretical [35] and
numerical [33, 36] studies have shown that the penetration of
external magnetic perturbations into the plasma is predomi-
nantly determined by the electron fluid rotation perpendicular
to B, 1. Consistent with these previous results, the two-
fluid calculations in both SN and SF configurations show an
amplification of the tearing components in the region of low
we and a screening in the regions of high w, figures 6((g)—(h))
and 7. The amplification of the 12/3 tearing component in the
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SF configuration, in addition to the 17/3 tearing component, is
due to a slight change of the g profile that moves the g = 12/3
rational surface closer to the position where w, vanishes.
Although different plasma responses were obtained from the
single- and two-fluid calculations, no significant differences
between the SN and SF plasma responses were found.

6. Effect of the divertor configuration
on the magnetic lobes

In a perfectly axisymmetric diverted plasma configura-
tion, the equilibrium separatrix associated to an x-point is
composed by a stable and an unstable manifold that per-
fectly overlay. When non-axisymmetric magnetic fields
perturb such an axisymmetric configuration, however, the
stable and unstable manifolds do not overlay and complex
topological structures known as homoclinic tangles arise
from the intersection between these manifolds [37]. The
manifolds oscillate and increase their excursions as they
asymptotically approach the x-point, forming structures
commonly called ‘magnetic lobes’. The manifolds act as
the plasma boundary and, in such non-axisymmetric con-
figuration, field lines from inside the perturbed plasma
volume can connect to the targets through intersections
of the magnetic lobes with the target plates. The splitting
of the separatrix into two manifolds generates stochastic
magnetic fields. In Hamiltonian systems, such as magn-
etically confined plasmas, the onset of stochasticity can be
qualitatively described by a criterion based on the overlap-
ping of magnetic islands [38—40],

A’l/)m,n + Amerl,n >
2 0,
2|¢m+1,n - ¢m,n|

where Ochirikoy 18 the so-called Chirikov parameter and
0.~ 1 a critical value that might take values lower than
unit depending on the field configurations. This criterion
states that a stochastic region will form between two neigh-
bouring magnetic islands when the distance between them

OChirikov —

14)

8% =|Vm+1.n — ¥mn| becomes smaller than their average
island width Ay = (At + Atyr1.0)/2.

This criterion indicates that, in the single-fluid model, the
significantly reduced, but still finite, tearing components in
both SN and SF configurations lead to the formation of a sto-
chastic region for ¥y = 0.95, figure 8, where the stochastic
field lines can escape the plasma and connect to the divertor
plates through intersections of the magnetic lobes with the
target plates. In the two-fluid model, however, the stochastic
region extends inward into the region where w, ~ 0, figure 7.
The edge stochasticity (¥ = 0.95) calculated using both
single- and two-fluid models is expected to be the same for
the SN configuration and is significantly smaller than in the
vacuum approach, figure 8(a). In the SF configuration, the edge
stochasticity is also significantly smaller than in the vacuum
approach, but a slightly higher stochasticity is expected in the
single-fluid response than for the two-fluid, figure 8(b). This
slight difference can be seen in figure 9, which shows the con-
nection length of field lines started in a rectangular grid and
followed using the field line tracing code TRIP3D-MAFOT
[32, 41, 42]. These TRIP3D-MAFQOT calculations also show
that the size of the stochastic layer in the plasma edge, for
both single- and two-fluid plasma responses, are about the
same in the SN configurations and are smaller than that from
the vacuum approach, figures 9((a)—(c)), while for the SF, the
stochastic layer is slightly smaller in the two-fluid compared
with that in the single-fluid model and vacuum approach,
figures 9((d)—(f)).

To study the effect of the divertor configuration on the
structure of the magnetic lobes, the manifolds in both SN
and SF configurations were also calculated using TRIP3D-
MAFOT and are shown by the black contours in figure 9. The
calculations show that, regardless of the plasma model used,
the SF configuration has more and longer magnetic lobes
than the SN, figures 9 and 10. Note that a toroidal phase shift
from the single- and two-fluid plasma responses affects the
location of the lobes with respect to those from the vacuum
approach calculations. Since all the toroidal harmonics up
to n =18 (determined by the computational grid toroidal
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Figure 9. Connection length of magnetic field lines in the divertor region of the (a)—(c) SN and (d)—(f) SF configurations using the vacuum
approach (no plasma response) and with the single- and two-fluid plasma responses.

spacing), generated by the six NSTX-U non-axisymmetric
midplane coils, were taken into account, a toroidal phase shift
in the plasma response can be introduced by the superposition
of the individual plasma responses to each toroidal harmonic
component of the RMP field, which in turn can introduce a dis-
placement to the divertor footprints in the toroidal direction.
The increase in number and size of the lobes is caused by
the equilibrium flux expansion and, therefore, is observed in
both single- and two-fluid plasma response calculations, and
also in the vacuum approach calculations. Such an increase

comes from an interplay between the conservation of the
magnetic flux through the lobes and the lower By in the null-
point region. This interplay causes an additional compression,
and a stretching, of the lobes near the x-point to preserve the
magnetic flux. Field lines in the SF configuration, therefore,
tend to asymptotically approach the null-point more slowly
than in a SN, forcing the manifolds to oscillate more times
and to develop longer magnetic lobes compared to those in
the SN configuration. This also explains the larger number of
magnetic lobes on the left side of the primary x-point, where
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Figure 10. Manifolds of (a) SN and (b) SF configurations
calculated using the vacuum approach (no plasma response) and
with the single- and two-fluid plasma responses. Same data as in
figure 9.

the toroidal magnetic field is stronger. The intersection of the
longer and additional magnetic lobes of the SF configuration
with the divertor plates are expected to cause additional stria-
tions in the particle and heat flux target profiles [45].

In the single-fluid calculations, the magnetic lobes in both
the SN and SF configurations are found to be shorter than
those from the two-fluid and vacuum approach calculations. In
the two-fluid calculations, however, the magnetic lobes of the
SN are slightly shorter than those from the vacuum approach
while the lobes of the SF are slightly longer. These results
correlate with the observed strong reduction of the tearing
components in the single-fluid calculations, figure 6(g), and
the strong amplification of the tearing components in the two-
fluid calculations, figure 6(h), and suggest that the size of the
magnetic lobes are more sensitive to resonant than to non-
resonant magnetic perturbations. This observation is further
supported by the fact that, even though the kink components
of the single-fluid plasma response are the largest among
the three models, being about three times larger than in the
vacuum approach and about two times larger than in the two-
fluid, the single-fluid plasma response produces the shortest
lobes among the three models.

7. Summary

The ELM control coils and the snowflake (SF) divertor con-
figuration are two potential solutions proposed to solve two
separate outstanding issues on the path towards self-sustained
burning plasma operations. These two solutions have been
tested separately in several machines worldwide but, in a
reactor, these two solutions would have to operate simultane-
ously. Itis, therefore, important to investigate the compatibility
between these two solutions and to identify possible conflicts
that could prevent them from operating simultaneously.

In this work, single- and two-fluid resistive magnetohydro-
dynamic calculations of the plasma response to externally
applied magnetic perturbations on single-null (SN) and SF
divertor configurations are compared with those based on the
vacuum approach, i.e. assuming no plasma response. For such
a comparison, a series of NSTX-U SF equilibria, with var-
ious distances between primary and secondary x-points, have
been generated with the free-boundary equilibrium solver
ISOLVER using the plasma kinetic profiles and global plasma
parameters from a typical NSTX ELMy H-mode discharge
(#132543).

A characterization of the SOL geometrical properties of
the unperturbed axisymmetric configurations shows that the
NSTX-U SF plasmas are expected to have a significantly
larger divertor volume than the single-null (SN) configura-
tion. However, the results show that only about one third of
the SOL in the vicinity of the separatrix experiences a longer
connection length than that in a SN configuration, while the
outer part of the SOL has approximately the same geometrical
properties in both divertor configurations. It is noteworthy that
the advantageous effects of the SF configuration have been
observed experimentally even though only a small part of the
SOL has all the properties associated with a SF.

In these simulations, the six NSTX-U non-axisymmetric
midplane coils were used to create the magnetic perturba-
tions. The coils were modelled as curved rectangles extending
exactly 60° in the toroidal direction, with 1 kA of current
circulating in each coil and with an n =3 configuration.
The perturbed magnetic field produced by these currents
was calculated using Biot-Savart law and, therefore, all the
toroidal harmonics up to n = 18 (determined by the finite
grid spacing in the toroidal direction) generated by these coils
were taken into account. To estimate the linear single- and
two-fluid plasma responses to these magnetic perturbations
on NSTX-U plasmas with SN and SF divertor configurations,
the two-fluid resistive magnetohydrodynamic code M3D-C!
was used. Note that non-linear effects, in the sense of the
modification of the n = 0 profiles by transport from the n > 0
response, are expected to play an important role in the plasma
response, especially through changes in plasma density and
rotation profiles that result from the application of resonant
magnetic perturbations (RMPs). Unfortunately these effects
are beyond the capability of present MHD code models, even
when solving the full set of non-linear equations, since they
do not include the physics that determines the edge transport
(neoclassical and microturbulence). This is a general limita-
tion of reduced models used in both ideal and resistive MHD
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codes, i.e. it is a manifestation of the present state-of-the-art
on MHD modeling that needs to be addressed in the future.

The single-fluid calculations presented in the paper show
a significant reduction of the resonant tearing components,
with respect to the vacuum approach calculations, for both
SN and SF configurations. In the two-fluid calculations, the
tearing components are significantly reduced in the plasma
edge and significantly amplified in the region of low electron
fluid rotation perpendicular to B. The differences between the
single- and two-fluid plasma responses are mainly caused
by the different screening mechanisms of these two plasma
models. While the screening of resonant magnetic perturba-
tions in the single-fluid model is caused by the E x B rotation,
the screening of RMPs in the two-fluid model is caused by the
local electron fluid velocity perpendicular to B.

Experiments on TEXTOR [43] and DIII-D [44] tokamaks
have shown that, in single-null L-mode plasmas with certain
levels of RMPs, the structure of the heat deposition patterns
on the divertor plates is in agreement with calculations based
on the vacuum approach. However, the single- and two-fluid
MHD simulations presented here indicate that, in typical
NSTX-U H-mode plasmas, the experimental heat deposition
patterns on the divertor plates are expected to differ signifi-
cantly from those calculated using the vacuum approach. For
that reason, future experiments in NSTX-U on divertor heat
flux distributions will be used to validate the physics models
used in the single- and two-fluid MHD simulations presented
in this paper. Note, however, that although different plasma
responses were obtained from the single- and two-fluid calcul-
ations with respect to the vacuum approach, no significant
differences between the SN and SF plasma responses were
found. Due to their different equilibrium properties, the struc-
ture of the magnetic lobes in the SF configuration were found
to be significantly different from those in the SN, regardless of
the plasma model used.

To evaluate the effect of the magnetic perturbations on
the structure of the magnetic lobes, the manifolds in both SN
and SF configurations were calculated using the field line
tracing code TRIP3D-MAFOT. A comparison between the
size of the magnetic lobes, and the amplitude of the kink and
tearing components from the single- and two-fluid plasma
response calculations, suggests that the size of the magnetic
lobes is more sensitive to the resonant than to the non-RMPs.
This indicates that the splitting of the separatrix into mani-
folds, and thus the appearance of magnetic lobes, should be
observed only when RMP components are not completely
shielded by the plasma. This effect will be addressed in a
future work.

The results also show that, independent of the plasma
response model used, the SF has more and longer magnetic
lobes than the SN configuration. This increase in number and
size of the lobes is caused by the equilibrium flux expansion
in the null-point region and comes from the interplay between
the conservation of the magnetic flux through the lobes and
the lower By in the null-point region of the SF configuration,
which causes a stronger compression of the lobes towards the

null-point and a stretching of the lobes in the null-point region.
The intersection of these longer and additional magnetic lobes
with the divertor plates are expected to cause more striations
in the particle and heat flux target profiles, as predicted by
EMC3-Eirene transport calculations [45].
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