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The control of divertor heat loads - both steady state and transient - remains a key challenge for the success-
ful operation of ITER and FNSF. Magnetic perturbations provide a promising technique to control ELMs
(transients), but understanding their detailed impact is difficult due to their symmetry breaking nature. One
approach for reducing steady state heat loads are so called ’advanced divertors’ which aim at optimizing
the magnetic field configuration: the snowflake and the (super-)X-divertor. It is likely that both concepts
- magnetic perturbations and advanced divertors - will have to work together, and we explore their inter-
action based on the NSTX-U setup. An overview of different divertor configurations under the impact of
magnetic perturbations is presented, and the resulting impact on plasma edge transport is investigated with
the EMC3-EIRENE code. Variations in size of the magnetic footprint of the perturbed separatrix are found,
which is related to the level of flux expansion on the divertor target. Non-axisymmetric peaking of the heat
flux related to the perturbed separatrix is found at the outer strike point, but only in locations where flux
expansion is not too large.

I. INTRODUCTION

The control of divertor heat loads - both steady state
and transient - remains a key challenge to design a vi-
able fusion power plant. Both suppression and mitigation
of transient heat loads (so called ELMs) by application
of non-axisymmetric magnetic perturbations from dedi-
cated external control coils has been observed in several
tokamaks1–3, which makes this method an essential part
of ELM control in the next step fusion device ITER4,5.
Furthermore, magnetic perturbations can be used to trig-
ger ELMs on demand6. The detailed exploration of both
resonant and non-resonant magnetic perturbation effects,
however, is still an ongoing process, and it is complicated
by their symmetry breaking nature: the magnetic sepa-
ratrix splits into two distinct branches (invariant man-
ifolds) which begin to oscillate when approaching the
X-point in either forward or backward direction7,8 (see
sketch in figure 1). These branches provide an envelope
for magnetic field lines than connect from the plasma
interior to the divertor targets, and they intersect the di-
vertor targets in a non-axisymmetric pattern. As a result,
splitting of the steady state heat and particle flux strike
points can be observed9,10. While most tokamak edge
transport codes such as SOLPS and UEDGE are based
on an axisymmetric idealization of the configuration (e.g.
neglecting toroidal field ripple effects) allowing for a two-
dimensional model, a full three-dimensional model is re-
quired to analyze ELM control experiments in detail.
The full three-dimensional setup is taken into account
by the EMC3-EIRENE code11,12, which is used for re-
lated plasma edge transport studies in non-axisymmetric
configurations at DIII-D13, ASDEX-Upgrade14, NSTX15

and ITER16.
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FIG. 1. Sketch of the perturbed separatrix manifolds (red
and blue), and close-up of the lobe structure from oscilla-
tions around the unperturbed separatrix. Outward and in-
ward crossing points are marked L and M , respectively.

While resonant magnetic perturbations (RMPs) were
originally considered for the control of steady state parti-
cle and energy exhausts by ’ergodization’ of the boundary
layer17,18 (i.e. ergodic limiter), they act only as a supple-
ment to poloidal divertors for fine tuning edge transport
in present fusion devices. Presently, another approach
for a reduction of steady state heat loads is pursued: so
called ’advanced divertors’ which aim at optimizing the
equilibrium (axisymmetric) magnetic field configuration.
One such configuration is the ’snowflake’ divertor19 in
which the poloidal magnetic field null approaches sec-
ond order, resulting in a characteristic hexagonal form of
the separatrix and thus introducing two additional strike
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points intended for heat load spreading. Another con-
figuration is the X-divertor20, which aims at flaring the
field lines near the divertor plates and thus reducing heat
loads. By increasing the major radius of the strike point,
the super-X divertor21 is considered to reduce heat loads
even further.

It is likely that both concepts - magnetic perturbations
and advanced divertors - will have to work together. Such
configurations can be investigated in NSTX-Upgrade
(NSTX-U): magnetic perturbations can be generated by
a set of 6 midplane coils, and access to advanced diver-
tor configurations is provided by additional poloidal field
coils. We will begin with an overview of different ad-
vanced divertor configurations at NSTX-U in section II
since we will see that the oscillations of the perturbed
separatrix manifolds depend on certain properties of the
equilibrium configuration. The interaction of magnetic
perturbations with these advanced divertor configura-
tions is then analyzed in section III: the separatrix mani-
folds and their footprints on the divertor plates are intro-
duced. The resulting impact on the edge plasma with a
focus on divertor heat loads is explored with the EMC3-
EIRENE code in section IV.

II. ADVANCED DIVERTOR CONFIGURATIONS

We begin with a general discussion on the classifica-
tion scheme of advanced divertors, and then look at im-
plementations at NSTX-U in more detail.

A. Classifications

The so called ’snowflake’ (SF) divertor, with its char-
acteristic hexagonal shape of the separatrix, introduces
two additional strike points which may facilitate heat flux
spreading. Furthermore, it provides a larger divertor vol-
ume due to flux expansion near the magnetic null, and it
facilitates longer field line connection lengths. However,
it has been recognized early on that the exact configura-
tion with its second order magnetic null is topologically
unstable with respect to small fluctuations in the plasma
or divertor currents. Operating at lower or higher diver-
tor currents leads to configurations with two first order
magnetic nulls22: the ’snowflake-minus’ (SF-) configura-
tion has two neighboring X-points on the separatrix (see
figure 2 (a)), and the ’snowflake-plus’ (SF+) configura-
tion has a secondary X-point below the primary one in
the private flux region (see figure 2 (b)). Further gen-
eralization of the relative position of the two first order
nulls has been introduced in reference 23 (e.g. figure 5),
resulting in the following classifications:

1. the (original) ’symmetric snowflake-minus’ with
two X-points on the separatrix facing the core
plasma,

2. the ’asymmetric snowflake-minus’ (aSF-) configu-
ration with a secondary X-point somewhere in the
scrape-off layer (see figure 2 (f)),

3. the ’tilted symmetric snowflake-minus’ (tsSF-) con-
figuration with a second X-point on one of the sep-
aratrix legs below the primary X-point (i.e. not
in contact with the core plasma, see figure 2 (e)
approximately), and

4. the ’snowflake-plus’ (SF+) configurations with a
secondary X-point in the private flux region (it can
be further divided into a symmetric configuration
in which the second X-point is strictly below the
primary one on its symmetry axis, and the asym-
metric configuration in which the second X-point is
to either side of the symmetry axis, but this does
not affect the magnetic topology).

5. The ’classical snowflake’ configuration is the limit
when both first order magnetic nulls are brought
together and merge to one second order magnetic
null.

These classifications are based exclusively on the mag-
netic topology without taking into account the position
of the divertor plates. Considering different locations for
divertor plates will increase the number of configurations
even further, and such an enhanced classification scheme
is probably necessary to address the resulting differences
in divertor operation properties.

The X-divertor, on the other hand, was introduced
with the specific intention to flare magnetic field lines
downstream from the plasma by introducing an addi-
tional X-point near the divertor plate(s)20. This defi-
nition of a divertor configuration explicitly takes into ac-
count the relative position of the divertor plates to the
secondary X-point. Its focus is on the strike point area,
and it can be applied individually for both divertor legs
(or all 4 in case of a double null configuration).

Despite a completely different origin of the snowflake
and X-divertor concepts (generation of second order mag-
netic null with increased connection lengths vs. field line
flaring near the divertor plates, and by splitting of re-
mote poloidal field coils vs. near target dipole coils), it
has been recognized24 that magnetic configurations exist
which share properties of both concepts: an asymmetric
or tilted snowflake minus configuration does fulfill the ge-
ometric properties of an X-divertor for one divertor leg,
if the secondary X-point is located just behind the diver-
tor plates. A discussion of this similarity can be found
in recent literature25,26.

B. Divertor configurations in NSTX-U

The Upgrade to NSTX provides access to a variety of
divertor configurations27. A set of NSTX-U equilibria
has been modeled in analogy to the snowflake configura-
tion scan in figure 5 in reference 23, an overview is given
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FIG. 2. The standard divertor (SD) reference configuration (a) and an overview of different near exact and generalized
’snowflake’ configurations in NSTX-U: (b,c) near exact SF (neSF) configurations approximated as SF- and SF+ respectively,
(d) a ’snowflake plus’ (SF+) configuration, (e) a ’tilted symmetric snowflake minus’ (tsSF-) configuration and (f) an ’asymmetric
snowflake minus’ (aSF-) configuration. These equilibrium configurations are taken from the 116313/NfHz0+Q series, except
for neSF- which is 135111/Nwj 08.

in figure 2. These model equilibria are taken from the
116313/NfHz0+Q series which have been generated for a
cryo pump study. They are based on a central toroidal
field of Btor = 1 T and a plasma current of Ip = 2 MA,
and the shape is characterized by an upper and lower
elongation of κu ≈ 2.4 and κl ≈ 2.7, respectively, and an
upper and lower triangularity of δu ≈ 0.39 and δl ≈ 0.69,
respectively.

Access to the classical snowflake configuration with its
second order magnetic null is challenging since it is topo-
logically unstable. A near exact configuration has been
generated based on the 116313/NfHz0+Q series (case
neSF+ in figure 2), and another approximation has been
modeled previously in a separate study (135111/Njw 08,
figure 2 (b)). In the latter approximation features a sec-
ond order null which has split into two first order nulls
located approximately 2 cm apart on the same separa-
trix. Topologically, this falls into the ’snowflake minus’
category, but approximations like this are referred to as
’near exact snowflake’. The present equilibrium is sup-
ported by a central toroidal field of Btor = 1 T and a
plasma current of Ip = 1 MA, its shape is characterized
by an elongation of κu ≈ 2.2, κl ≈ 2.6 and δu ≈ 0.41,
δl ≈ 0.78.

Before we address RMP application in those configura-

tions, we give a short characterization of the axisymmet-
ric divertor configuration in comparison to the standard
divertor (SD) configuration. Characteristic quantities are
the poloidal flux expansion factor F and the field line
connection length Lc.

1. Poloidal flux expansion

The poloidal flux expansion factor is an indication of
how heat (and particle) flux from the midplane is dis-
tributed on the divertor targets. It is defined by the
ratio of the downstream to upstream distance from the
separatrix for a given flux surface, and consequently, it
has a radial dependence. Let dmid be the distance from
the separatrix at the low field side midplane, then we can
define flux expansion factors on the (outer) target as

Ftarget =
dtarget
dmid

(1)

where dtarget is the distance from the outer strike point
along the divertor target.

While the near exact snowflake configurations do have
a large flux expansion right next to the X-point, project-
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FIG. 3. (a) Flux expansion and (b) field line connection length at the outer divertor target.

ing the flux surface down to the divertor target (figure 3
(a)) shows that Ftarget is smaller than in the standard di-
vertor reference configuration, and this may be of great
concern for the distribution of heat loads. The target
flux expansion in the neSF+ configuration (magenta) is
reduced by a factor of 2, and by a factor of 4-5 in the
neSF- configuration (red). These configurations have two
secondary strike points which may take over some of the
head load, and we will address this in the next section.

The picture is significantly different for the ’general-
ized’ snowflake configurations (figure 2 (d-f)). These do
not have the secondary strike points since the secondary
X-point is already behind the wall. This secondary X-
point is located in the far PFR in the SF+ configuration
(green), which has a slightly improved flux expansion
over the SD reference configuration. Thus, ’improved
standard divertor’ is probably a more adequate classifi-
cation rather than ’snowflake plus’. The two SF- con-
figurations (blue and cyan), on the other hand, feature
a considerably larger flux expansion, which is related to
the proximity of the secondary X-point to the outer strike
point. This divertor flux expansion is a characteristic fea-
ture of X-divertors.

2. Connection length

A qualitative difference in the asymptotic behavior of
the field line connection length Lc can be seen in figure
3 (b): the divergence of Lc when approaching the sepa-
ratrix is much faster in the near exact snowflake configu-
rations than in all other configurations. However, while
Lc in the neSF- configuration (red) remains larger than
in the SD configuration, it drops below this reference in
the neSF+ (magenta) configuration only 3 mm away from
the separatrix strike point. This corresponds to less than
0.2 mm upstream, which is probably too small to allow
for much dissipation of the power entering the divertor.

The ’generalized’ snowflake configurations have a mod-
erately larger connection length than the reference con-
figuration throughout most of the divertor target, and
only Lc (SF+) approaches the reference Lc (SD) at
dtarget ≈ 4 cm.

III. PERTURBED MAGNETIC CONFIGURATIONS

NSTX-U is equipped with a set of 6 midplane coils
which can be used to apply non-axisymmetric perturba-
tion fields with toroidal mode number n = 1 − 3. Such
non-axisymmetric perturbations play an important role
in the ELM control design for ITER4,28,29. While ad-
vanced divertor configurations are traditionally consid-
ered axisymmetric (and while the ’snowflake’ configura-
tion may or may not have its own impact on ELMs), it is
likely that they will have to work together with symmetry
breaking effects such as magnetic perturbations. Impli-
cations of magnetic perturbations for density control are
still under investigation and will have to be addressed in
both standard and advanced divertor configurations.

A characteristic impact of magnetic perturbations
is the formation of helical lobes in the magnetic
separatrix7,8. These helical lobes can intersect the di-
vertor targets (or other wall elements), and can there-
fore directly impact particle and heat loads. We will
address perturbations to the magnetic separatrix in sec-
tion III A. The perturbation field is resonant with the
equilibrium field on a flux surface with a rational safety
factor q, which leads to the formation of magnetic island
chains30. These island chains can overlap and result in
the formation of a chaotic (or sometimes referred to as
’stochastic’) layer from which field lines may escape all
the way to the divertor targets. We will investigate the
impact of advanced divertor configurations on this open
boundary layer in the following subsections, and discuss
implications for plasma transport in section IV. In the
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FIG. 4. Separatrix manifolds (blue: forward branch, red: backward branch) resulting from application of a 3 kA perturbation
current to the base configurations from figure 2. The ψ = 1.024 flux surface is marked in green for reference.

following we will focus on configurations with an n = 3
perturbation field. Presently, we consider only the vac-
uum perturbation field as a start to provide an overview
on possible configurations. Plasma response effects may
be important31, and this overview is intended to identify
a valuable configuration for a more detailed subsequent
analysis.

A. Separatrix manifolds and their footprints

The application of a small non-axisymmetric magnetic
perturbation results in the splitting of the magnetic sepa-
ratrix into two distinct branches (see e.g. figure 1). This
is a generic feature in non-linear systems7 which is appli-
cable within the framework of diverted tokamaks8. Let
Lp(l) be a magnetic field line through point p and l be
the arc length long this field line, then the forward and
backward branch of the separatrix associated with the
X-point X are defined by

B+ =

{
p| lim

l→∞
Lp(l)→ X

}
(2)

and

B− =

{
p| lim

l→−∞
Lp(l)→ X

}
, (3)

respectively. These branches (often referred to as sta-
ble and unstable invariant manifolds associated with the

X-point) determine where magnetic field lines may con-
nect from the plasma interior to the divertor targets.
Therefore, they can have a direct impact on divertor par-
ticle and heat loads.

A comparison of the separatrix manifolds resulting
from a perturbation current of Ic = 3 kA are shown in fig-
ure 4. A distinctive feature of the separatrix manifolds is
the formation of helical lobes which can intersect the di-
vertor targets (or other wall elements). These lobes can
be characterized by their radial extension and poloidal
width. The radial extension of the lobes is determined
by the strength of the perturbation field, and it is this
radial extension that defines the poloidal width of the
perturbed magnetic footprint on the divertor target (see
figure 5). The Melnikov method (see e.g. p. 202 in ref-
erence 7) provides an efficient approach to estimate the
divertor footprint32,33. The size S = maxϕ0 M(ϕ0) can
be approximated by the Melnikov-like function:

M(ϕ0) =

∫ ∞
−∞

dψ

dl
dl. (4)

The integral in (4) is taken along a field line on the
unperturbed separatrix where ϕ0 is a reference toroidal
angle for that field line. The integrand dψ

dl is calculated
from the perturbation field and the separatrix geometry.
S provides an estimate for the maximum radial extension
of the separatrix lobes in magnetic flux space. This needs
to be combined with the magnetic flux expansion in the
divertor to get the actual footprint size in real space.
All cases have S ≈ 0.024 (except the neSF- case which
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(OSP, lower row): a comparison between the standard divertor (SD), near exact snowflake (neSF+), and X-divertor like (aSF-)
configuration is shown while the perturbation strength is increased from 1 kA to 4 kA. Note the different scale in part f).

is based on a different equilibrium), and thus the lobes
extend outward to ψ ≈ 1.024. This can be seen in figure
4 where the ψ = 1.024 surface is marked in green. As
the flux expansion at the outer strike point is largest in
the tsSF- and aSF- configurations,these have the largest
separatrix footprint as well: stsSF- = 17.3 cm and saSF- ≈
25.6 cm. Conversely, the flux expansion is smallest in the
neSF configurations, resulting in a separatrix footprint
of sneSF- ≈ 2.9 cm and sneSF+ ≈ 5.7 cm which is smaller
than the standard divertor configuration’s sSD ≈ 8.4 cm.

The spacing between the lobes is determined only by
the equilibrium (for a given toroidal mode number n
of the perturbation field) and not by the perturbation
strength Ic. This is demonstrated in figure 5 by increas-
ing Ic from 1 kA to 4 kA. In the following we will derive
an approximation of the lobe width and the lobe spacing
in the proximity of the X-point (as measured along the
unperturbed separatrix). For that we consider the cross-
ings between the perturbed and unperturbed separatrix
as indicated in the sketch in figure 1. Since Bpol is small
when approaching the X-point, the change in R and Z
along a field line is also small over one field period 2π/n
and the perturbation is essentially a function of ϕ only.
The net impact of the perturbation along a field line is
cancelled out over one field period, and so the poloidal
distance ∆pol between two outward crossings (L1 and L2)
or two inward crossings (M1 and M2) corresponds to the
toroidal distance ∆tor ≈ 2π R/n. The ratio of these dis-
tances can be approximated by the ratio of the local field
components:

∆pol

∆tor
≈ Bpol

Btor
. (5)

From that we find for the lobe density:

` =
1

∆pol
≈ n

2π R

Btor

Bpol
, (6)

i.e. the lobe density is determined by the toroidal sym-
metry of the perturbation field and by characteristics
of the equilibrium configuration. A typical character-
istic parameter for the plasma shape is the triangularity
δX = R0−RX

a where R0 is the major radius of the mag-
netic axis, RX the major radius of the X-point and a the
minor radius of the separatrix at the midplane. Another
characteristic parameter is the aspect ratio A = R0/a,
and both can be used to relate the X-point position to
the position of the magnetic axis:

RX = R0

(
1 − δX

A

)
. (7)

Furthermore, let’s assume Btor = B0R0 /R, then we
find the asymptotic behavior of ` to be

` ≈ n

2π R0

B0

Bpol

(
1 − δX

A

)−2
(8)



7

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 0  5  10  15  20

L
o
b
e
 s

p
a
c
in

g
 [
c
m

]

Distance from X-point along separatrix [cm]

Lobe spacings near X-point

SD
SF+

tsSF-
aSF-

neSF-
neSF+
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and unperturbed separatrix as sketched in figure 1.

which depends only on the scaling of the poloidal
field (which is different for standard and snowflake
divertors22). One implication of (8) is that triangular-
ity plays a less important role in large aspect ratio de-
vices such as DIII-D, but may be used in low aspect ratio
devices (e.g. spherical tokamaks) to adjust the lobe den-
sity. A larger X-point triangularity results in a higher
lobe density, which may facilitate heat flux spreading be-
tween lobes.

The lobe spacings ∆pol for the different divertor con-
figurations are shown in figure 6. A clear linear scaling is
found for the SD configuration, which is expected from
the Bpol ∼ ρ scaling found in analytical models based
on an expansion around the X-point. (ρ is the distance
from the X-point). It can be seen that there are no signif-
icant differences between the ’generalized snowflake’ and
the SD configurations, because these configurations are
all based on the same equilibrium and the secondary X-
point is far enough away. A Bpol ∼ ρ2 scaling is expected
for a pure snowflake configuration22, and this is reflected
in the lobe sizes of the near exact configurations. The
difference between the neSF+ and neSF- configuration is
related to the different equilibrium of the neSF- configu-
ration, which is based on a plasma current of Ip = 1 MA
rather than the 2 MA as in all other configurations.

B. Connection length and field line losses

The separatrix manifolds indicate the path along which
field lines connect to the divertor targets, but they don’t
show from how deep inside the plasma these field lines
connect from and over which distance this happens. SOL
connections lengths are of the order Lc ∼ 50 m, and
field lines that connect within a similar distance from
the plasma interior can be expected to have a significant
impact on the edge plasma. The ’openness’ of the edge
layer can be characterized by the field line loss fraction
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FIG. 7. Field line loss fraction τL(ψ) at a reference length
of L = 50 m (solid), L = 100 m (dashed) and L = 1000 m
(dotted): the three configurations shown are the standard
divertor (SD), the near exact snowflake (neSF+), and the X-
divertor like configuration (aSF-).

τL(ψ) from a former flux surface ψ: i.e. the fraction of
field lines that connect from this radial location to the
divertor targets with a given reference length L. Figure 7
demonstrates that the ’openness’ of the edge layer is not
significantly affected by the divertor configuration. For
all configurations, more than 50 % of the field lines are
lost within two SOL lengths from ψ = 0.99, but less than
10 % are lost from inside ψ = 0.96 within that distance
(see figure 7). 10 % of the field lines are still lost from
ψ = 0.83 within L = 1000 m. While particle and heat
diffusion may mitigate the impact of τL at such long dis-
tances, it should be kept in mind that the electron mean
free path can become quite large due to the strong depen-
dence on Te. Fast parallel transport along open field lines
provides a loss channel, and we find here (figure 7) that
there is no further degradation of field line confinement
related to the interaction between advanced divertor con-
figurations and magnetic perturbations.

IV. IMPACT ON THE PLASMA EDGE

The non-axisymmetric nature of the perturbed mag-
netic configuration requires a three dimensional edge
plasma model such as EMC3-EIRENE11,12. This code
solves a set of steady-state Braginskii equations (EMC3)
where anomalous cross-field transport is taken into ac-
count by free model parameters. Interactions with neu-
tral gas are obtained from a kinetic transport model
(EIRENE). EMC3-EIRENE is based on a reversible field
line mapping technique34, and combined with a block-
structured decomposition of the edge plasma domain13

which allows a detailed analysis of RMP related fea-
tures in poloidal divertor tokamaks35,36. It has recently
been implemented at NSTX15 for standard divertor con-
figurations with RMPs, and at TCV for axisymmetric
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snowflake divertors configurations37.

In the following we use EMC3-EIRENE to investigate
the resulting impact of the interaction between magnetic
perturbations and advanced divertor configurations on
the edge plasma. All simulations are based on a fixed
core refuelling rate of ΓISB ≈ 3.1 · 1020 s−1 (50 A) and
a fixed recycling coefficient of crec = 0.99. The edge
power input is set to Pin = 2 MW, and diffusion co-
efficients for anomalous cross-field transport are set to
D⊥ = 0.3 m2 s−1 and χe = χi = 2 m2 s−1. Impurity
production and transport is neglected at this point. The
inner simulation boundary is located at the last closed
magnetic flux surface at ψ ≈ 0.6 in the perturbed config-
urations and set at ψ = 0.99 in the unperturbed reference
configurations.

A comparison between the perturbed and unperturbed
edge plasma density is shown in figure 8 for a few selected
configurations (compare upper row vs. lower row). It
can be seen that all cases operate in a ’high recycling’
regime where the downstream density at the strike points
is larger than the upstream density. The remaining con-
figurations from figure 2 show the same behavior. The
plasma density in the RMP cases follows the lobe struc-
ture of the perturbed separatrix manifold which connects
to the outer strike point. In contrast, such a pattern can-
not be seen at the inner strike point at the given level for
anomalous cross-field transport. This is distinct from

findings at large aspect ratio tokamaks such as DIII-D38,
but consistent with initial simulations for NSTX (see
figure 4 (c) in reference 15). Since spatial scales (e.g.
toroidal separation between lobes) are much smaller on
the high field side of low aspect ratio devices, diffusion
may lead to a wash-out at the inner strike point. Indeed,
particle and heat loads patterns at the inner strike point
are essentially axisymmetric and do not follow the lobe
pattern of the magnetic footprint. This is demonstrated
in figure 9 (a) for the SF+ configuration, and it is found
in the other configurations as well. Heat flux profiles at
a fixed toroidal location are shown in figure 9 (b), and
it is found that the heat flux in the perturbed configu-
ration (blue) matches the heat flux in unperturbed con-
figuration (red). At the outer strike point, on the other
hand, formation of a non-axisymmetric striation pattern
is found, which is visualized in figure 9 (c,d) for the SF+
configuration. Heat load peaks occur at the locations
where field lines connect to the interior, which is indi-
cated by the gray line. In the following we will focus on
the outer strike point (OSP).

A. Unperturbed heat loads

Profiles of the heat loads at ϕ = 0 deg are shown in
figure 10 (a) for a direct comparison between the differ-



9

-5

 0

 5

 10

 15

 20

 25

 0  0.5  1  1.5  2  2.5

Target Heat Load [MW m
-2

]

Reference
+ RMPs

-5

 0

 5

 10

 15

 20

 25

 0  0.5  1  1.5  2  2.5

Target Heat Load [MW m
-2

]

Reference
+ RMPs

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

����������������
����������������
����������������

����������������
����������������
����������������

����������������
����������������
����������������

����������������
����������������
����������������

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

b)
In

n
e

r 
s

tr
ik

e
 p

o
in

t
a)

M
W

 m
−

2
M

W
 m

−
2

d)

O
u

te
r 

s
tr

ik
e

 p
o

in
t

c)

FIG. 9. Divertor heat loads at the inner and outer strike point for the SF+ case, the 1D profiles are extracted at ϕ = 0 deg.

ent divertor configurations. The unperturbed standard
divertor configuration (black) exhibits a peak heat load
of about 2.3 MW m−2 which is located - as expected -
just outside the separatrix strike point. The heat loads
are significantly mitigated in the generalized SF- con-
figurations, which is consistent with a large flux expan-
sion (compare figure 3 (a)). These are the configura-
tions that can be regarded as X-divertor at the OSP.
The tsSF- configuration (blue) has the secondary X-
point just outside the primary separatrix strike point,
which is where the largest flux expansion occurs. Con-
sequently, heat loads at the separatrix strike point are
very small (0.6 − 0.7 MW m−2), and the peak heat load
of 1.35 MW m−2 occurs at a distance of 15 cm away from
the separatrix strike point where the flux expansion has
become significantly smaller. The secondary X-point in
the aSF- configuration (cyan) is located further outside,
which results in a maximal flux expansion and minimal
heat load about 10 cm away from the separatrix strike
point: the main heat flux peak of 1 MW m−2 at the

separatrix is reduced to 0.22 MW m−2 by the increase
in flux expansion, after which flux expansion decreases
again faster than the heat load dissipates, and thus re-
sulting in a secondary (albeit axisymmetric) peak about
25 cm away from the separatrix strike point. The near ex-
act snowflake configurations (red, magenta), on the other
hand, feature an increase of the peak heat load up to
7 MW m−2 in the neSF- configuration. This is consistent
with a smaller flux expansion at the divertor target in
those configurations than in the SD configuration. Al-
most no heat is deposited at secondary separatrix strike
points.

B. Perturbed heat loads

The application of RMPs, as shown in figure 10 (b),
results in non-axisymmetric striation patterns with sec-
ondary heat load peaks. Peaks can be a few cm apart, but
generally occur only where the flux expansion is locally
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not too large. Huge flux expansion occurs in the tsSF-
and aSF- cases next to the separatrix strike point: i.e.
dmid = 2 mm expands to dtarget = 12 cm (FtsSF- = 60)
and 20 cm (FaSF- = 100), respectively. Further outside,
however, flux expansion drops to more moderate values.
Heat loads in the aSF- configuration (cyan) with and
without RMPs are nearly identical up to 22 cm away from
the separatrix strike point. The magnetic footprint does
have a distinct striation pattern in this region, but the
huge upstream to downstream flux expansion means that
a small amount of diffusion upstream suffices to smear
out particle and heat loads on the divertor target. Only
the outermost part of the magnetic footprint is reflected
in the heat load footprint since the flux expansion drops
to more moderate values here. These peaks can still
be significant: e.g. qt = 2 MW at dtarget ≈ 20 cm in
the tsSF- case (blue) with RMPs while qt = 1.2 MW in
the corresponding unperturbed case. For weaker mag-
netic perturbations (i.e. so that the lobes do not ex-
tend beyond the region of huge flux expansion), or with
careful adjustment of the local flux expansion, it might

be possible to avoid the formation of secondary, non-
axisymmetric heat flux peaks. Nevertheless, a finite level
of ”unperturbed“ heat flux remains at these locations.

The near exact snowflake configurations have sec-
ondary heat flux peaks as well when RMPs are applied,
although the footprint is much smaller due to the rel-
atively small flux expansion compared to the standard
divertor case. The main peak is reduced by about 10 %,
which is still by a factor of 3 larger than in the refer-
ence case. There is no redistribution of heat flux from
the primary to the secondary strike points, essentially
because there is no interaction between the primary and
secondary separatrix manifolds.

V. CONCLUSIONS

The flexible setup at NSTX-U allows for a variety of
divertor configurations, including near exact snowflake
configurations as well as SF plus and minus variations.
However, the snowflake classifications are based on the
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magnetic topology alone and do not take into account
the relative position of the divertor plates. In fact, we
find that implementations of the snowflake minus con-
figuration at NSTX-U can have the secondary X-point
behind the wall, and thus act like an X-divertor at the
outer strike point. While one of the originally intended
features of the snowflake configuration is an increased
flux expansion introduced around the X-point, we find
that near exact snowflake implementations at NSTX-U
can have a reduced flux expansion at the target with re-
spect to the standard divertor configuration. We find
that these configurations exhibit heat flux peaking by a
factor of up to 3, while almost no heat load is found at
the secondary strike points. The X-divertor like config-
urations have more flux expansion on the divertor tar-
get than the standard divertor configuration, and the
heat loads are modified accordingly. Peak heat loads
are reduced by 40 − 45 %, and their location is shifted
15−25 cm away from the separatrix strike point depend-
ing on the local flux expansion. Magnetic perturbations
introduce non-axisymmetric heat loads only at the outer
strike point since the toroidal separation between lobes
is much smaller on the high field side in low aspect ra-
tio devices. Large flux expansion on the target allows
for expansion of the magnetic footprint. While the mag-
nifying impact of flux expansion on the lobe structure
may invite to use these configurations as benchmark for
plasma response effects, conclusions from the absence of
corresponding peaks in experimentally observed plasma
footprints may be misleading. This is because a small
amount of diffusion upstream suffices to smear out par-
ticle and heat loads on the divertor target, so that only
the outermost part of the footprint - where flux expansion
drops to a moderate levels - is reflected in the plasma.
For weaker magnetic perturbations, or with careful ad-
justment of the local flux expansion, it might be possible
to avoid the formation of secondary, non-axisymmetric
heat flux peaks.
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