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The snowflake magnetic configuration is characterized by the presence of two closely spaced
poloidal field nulls that create a characteristic hexagonal (reminiscent of a snowflake) separatrix
structure. The magnetic field properties and the plasma behaviour in the snowflake are determined
by the simultaneous action of both nulls, this generating a lot of interesting physics, as well as
providing a chance for improving divertor performance. Among potential beneficial effects of this
geometry are: increased volume of a low poloidal field around the null, increased connection
length, and the heat flux sharing between multiple divertor channels. The authors summarise
experimental results obtained with the snowflake configuration on several tokamaks. Wherever
possible, relation to the existing theoretical models is described. © 2015 AIP Publishing LLC.
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Approximately 80% of it will be released in the form of
14 MeV neutrons, will leave the plasma across the magnetic
field, go through the walls of the confinement vessel, and be
absorbed in the tritium-breeding blanket. The other 20% of
the power will be released in the form of the 3.5 MeV alpha-
particles and transferred directly to the fusing plasma. In the
steady-state mode, this power is balanced by the electron and
ion heat transport to the boundary of the confinement zone
and radiative loss from the confinement region. The latter is
almost isotropic and spreads the radiated power evenly over
the surface of the vacuum vessel. This channel of the energy
loss has to be modest-to-small, as otherwise a volumetric
cooling would lead to lower temperatures in the plasma core
and reduce the power generation.'™ So, a substantial fraction
of the power will be crossing the plasma boundary in the
form of the electron and ion heat flux. Added to the fusion
power should be the power delivered by the plasma control
systems (such as the current drive). This would lead to the
electron and ion flux through the plasma boundary in the
range of ~200 MW.!

The burning plasma is not a perfectly controlled, static
object: it is more like a burning flame, continuously flicker-
ing, with occasional tongues of flame darting from its surface
and leading to bursts of heat flux in a hard-to-predict areas of
the vessel. The problem is aggravated by that the vessel is
not smooth, with a number of ports, diagnostic units, anten-
nas, etc., making it quite “rugged.” So, if “left alone,” the
plasma will soon “burn a hole” in the vacuum vessel.

All this was clear from the early days of fusion research
and, in order to avoid uncontrolled damage to the elements
of the inner surface of the confinement vessel, Spitzer6 has
proposed a special configuration of the magnetic field, with a
magnetic field null on a certain flux surface that would create
a singular flux surface (“the separatrix”) beyond which the
field lines would be open. The electron and ion heat flux
would then be “diverted” from the walls and rapidly chan-
nelled along the field lines to the thermally and mechanically
hardened surfaces of the “divertor.”

A generic shape of the toroidally symmetric divertor
configuration for tokamaks is shown in Fig. 1. A singular
point where a self-intersection of the separatrix occurs is a
null of the poloidal magnetic field. If, as it is typically
assumed, the plasma current in the null area is small, the
field in the vicinity of the null scales linearly with the
distance r from the null and forms thereby a first-order null
of the magnetic field (see more on that in Sec. II). The
separatrix branches intersect at 90°.

Divertor experiments performed by the ASDEX group
in Germany7 have revealed that, in addition to diverting the
plasma flux from the walls, the divertor may also have a sig-
nificant favourable effect on the plasma parameters inside
the separatrix, as manifested by the transition to a so-called
High-confinement mode, or H-mode. This mode is character-
ized by a formation of a layer with steep density and temper-
ature rise (from <100eV at the separatrix to 1-2keV a few
millimetres inward) that creates a “pedestal” for the core
density and temperature distributions and thereby signifi-
cantly improves performance of the core plasma. Although
the H-mode was later found in a variety of fusion devices
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FIG. 1. Poloidal divertor notation and divertor coordinates: (a) The core
plasma is shown in pink, the separatrix in red, and the SOL in orange. The
SOL thickness at the midplane is denoted by A, whereas the SOL thickness
near the divertor null, by A, The divertor plates (called sometimes
“targets”) are shown in brown; the intersection points of the separatrix with
the plates are called “strike points,” and an area where the SOL intersects
the plates is called a “wetted area.” An area below the null is called the pri-
vate flux area. The field lines in this area do not enclose the core plasma,
whereas the field lines in the SOL, do. The plasma density gradually
decreases across the SOL in the direction away from the separatrix; the outer
boundary shown in the figure is actually smooth. Some amount of plasma
may also penetrate into the private flux region. (b) The divertor coordinates:
The dash-dotted line is a tokamak geometrical axis; R is a radial distance
between the axis and the PF null. Configuration shown corresponds to a
single-null standard divertor. If similar configuration is created near the top
of the confinement area, one obtains a double-null standard divertor.

not necessarily using a poloidal divertor (see a review of
Ref. 8), the interaction of the pedestal and divertor remains
an important issue in the physics of edge plasma and power
exhaust for the existing and future tokamaks. Certainly the
divertor and core are in a constant and significant interaction
(e.g., via the plasma fuelling, MARFE formation, modifica-
tions of the ELM activity, and neoclassical orbits in the
pedestal/SOL areas, as discussed later in this tutorial) and
analysis of the heat exhaust problem requires accounting for
the interaction between the plasmas on open and closed field
lines.

Having greatly improved prospects for an acceptable
survivability of the vacuum vessel, the divertor created a
new problem: in practical designs, the heat flux on the
surface of the divertor plates (Fig. 1(a)) turns out to be quite
high. It depends obviously on the width of the scrape-off
layer as projected on the divertor plates.

Making some assumptions about the geometry of the
divertor region, one can roughly evaluate this flux. This has
been done for divertor configurations of the type shown in
Fig. 1(a) and has led to a prediction'? that the heat fluxes
can be as high as 60 MW/m? in the “regular” mode of opera-
tion and even higher in the bursts in the heat flux during
so-called ELM events (see Sec. IV B). To appreciate the
magnitude of the problem, one can mention that similar heat
fluxes are present on the surface of the Sun and on the sacri-
ficial nose-cone of the Space Shuttle during its re-entry (in
the latter case, though, for less than 1 min). A summary of
the heat loads in various facilities is presented in Table 1 of
Ref. 9. An acceptable level for future reactors is thought to
be ~5 MW/m?.”
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Recent reviews of the divertor research (Refs. 9 and 10)
can be recommended to the readers. Systematic discussion
of the divertor physics can be found in Stangeby’s book.''
The book contains, in particular, description of the so called
two-point divertor model that relates the SOL parameters in
the upstream SOL and on the divertor plate, as well as
further references. In order to put the snowflake divertor
concept in the context of other approaches to the divertor
problem, we briefly describe these other approaches in the
next few paragraphs. Those are by no means exhaustive and
cannot serve as a substitute for the aforementioned reviews.

One of the approaches is based on the use of lithium as a
coating for the divertor plates and, possibly, the walls of the
vessel. One could also push lithium through the porous
plates. Lithium may favourably change recycling coefficient
for the hydrogen isotopes and its presence may significantly
affect the particle and energy fluxes at the plasma boundary
and, perhaps, improve the core plasma confinement as well,
see Refs. 12—15. Lithium may also create a sacrificial, con-
tinuously renewable surface. Lithium vapour shielding is yet
another potentially favourable effect.'?

The other solution is a combination of seeding impur-
ities to the divertor in order to increase radiation in the
divertor zone and, at the same time, preventing them from
penetration to the upstream SOL by enhancing the hydrogen
plasma flow to the divertor. This can, in particular, be made
in a double-null configuration with deuterium puffing in the
upper divertor. As the radiation power flux is isotropic (does
not follow the magnetic field lines), the heat-absorbing area
becomes much greater than just the plasma-wetted area, if
the power radiated on the way of the plasma to the divertor
target is large.'®™'®

One may attempt to increase the SOL width by exciting
toroidally asymmetric convection in the SOL, either by
active manipulation of the potential of the divertor tiles or by
making tiles wavy, or by using non-axisymmetric gas
puffs.'~!

An additional element that is desirable (and, perhaps,
even necessary) to make divertor workable in the fusion re-
actor environment is an effect called “detachment.” In its
full, somewhat idealized form, this is a formation of the
recombination front in the divertor leg, so that in the vicin-
ity of the divertor plate the plasma becomes weakly ionized
and relatively cold;****?* the plasma loses its momentum
via collisions with the recycling neutrals. Detachment
reduces erosion of the divertor plates that can be significant
if the plate is subjected to the flow of ionized particles. The
recombination is accompanied with isotropic radiation, and
the heat absorbing area increases compared to the plasma-
wetted zone. Detachment is facilitated by reducing the heat
flux to the target, so that the poloidal magnetic flux expan-
sion in the divertor area is an important factor in the onset
of detachment.

One can use double-null divertors, where the poloidal
field null shown in Fig. 1 is created also at the top part of the
separatrix, thereby splitting the heat flux between the upper
and lower targets (see, e.g., Sec. 3 in Ref. 24). There are also
subtler effects associated with separating connection
between the inboard and outboard SOL and affecting
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stability properties of the SOL plasma. One can go even fur-
ther and create a third null, near the equatorial plane, as
described in a conceptual paper by Kesner,” or even four
nulls, as realized in the PDX faci]ity.26

A widely used technique for the heat flux reduction is
tilting the divertor plates with respect to the poloidal field.
This leads to increase of the wetted area and heat flux reduc-
tion. This technique is compatible with most of the divertor
concepts, if the divertor legs are sufficiently long. One of the
constraints on the allowable tilt is the requirement that the
intersection angle of the total (toroidal plus poloidal) mag-
netic field vector should not be too shallow, to avoid forma-
tion of hot spots that may appear, in particular, due to the
fact that the divertor floor is made of discrete tiles.

During the last 10-15 years, there appeared several fur-
ther suggestions related to modification of the poloidal mag-
netic field structure. One of them suggested by Takase is
based on the flaring of the poloidal field lines in the vicinity
of the strike points by using additional sets of coils that
would create a magnetic field directed oppositely to the one
of the initial configuration of Fig. 1. This generates “cusp”
configurations where additional PF nulls are formed in the
vicinity of the strike points. A similar approach has been
described by Kotschenreuther ef al. in Refs. 28, 29, and 5
and called an X-divertor. A clear verbal description of the
concept was presented in Ref. 5: “This extra downstream
X-point can be created with an extra pair of poloidal coils...
Each divertor leg (inside and outside) needs such a pair of
coils... The distant main plasma is hardly affected because
the line flaring happens only near the extra coils.” An elegant
suggestion of bringing the divertor coils as close as possible
to the null points by inserting small segmented coils in the
gaps between the toroidal field coils was made in Refs. 28
and 29 (see, in particular, Fig. 1 in Ref. 28 and Fig. 5 in Ref.
29 for the coil system for the CREST reactor study).

One can produce strong flux expansion not in both,
but in a single divertor leg. This has actually been done
experimentally in 2001 by Pitts ef al. on the TCV facility,

Nt <

a) b)

FIG. 2. An exact snowflake configuration: (a) Hexagonal separatrix and
nearby flux surfaces; (b) a global structure of the magnetic field for the
three-wire model of Ref. 34; the distances in (b) are normalized to the dis-
tance of the wire imitating the plasma current from the origin. Reprinted
with permission from Phys. Plasmas 14, 064502 (2007). Copyright 2007
ATP Publishing LLC.
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where “varying degrees of detachment are obtained depend-
ing on the magnitude of the imposed outer divertor flux
expansion,” Ref. 30 (see Fig. 1 in that paper). The authors
have not proposed a name for this interesting configuration.

Another approach is based on the coil arrangement that
would allow one to pull the outer divertor leg in the outward
direction so that the major radius of the strike point would be
as large as compatible with the size of the toroidal coils.®!
This approach is known under the name of a “super-X
divertor™" and will be tested on the upgraded version of the
MAST tokamak where the poloidal field coils were designed
in a way that would allow the generation of the super-X
configuration.’**

The use of the divertor coils situated near the strike
points certainly provides a significant flexibility in control-
ling the shape of the flux surfaces in this zone. On the other
hand, putting them there creates significant technological
problems, especially in the reactor environment.

References 34-36 opened a series of analyses directed
towards understanding of the degree of control of the mag-
netic field structure in the divertor region by the set of
remote coils, situated, desirably, outside the TF coils. It
turned out that, indeed, the remote coils allow creation of a
broad variety of PF configurations of interest for the divertor
design. In particular, it turned out to be possible to create a
second-order null of the poloidal field, i.e., the configuration
where the magnetic field would scale as 7° with the distance
r from the null. This, obviously, leads to formation of a large
area of a weak poloidal field in this zone. The separatrix in
the case of a second-order null acquires a characteristic hex-
agonal structure Fig. 2. This prompted the designation of the
corresponding configurations as ‘“snowflakes.” As was
explained in the first snowflake publication,®® the exact
second-order null is topologically unstable and splits into
two nearby first-order nulls, maintaining, however, the gen-
eral property of significant flux expansion. Two significantly
different ways of how these nulls may split were identified
and the terms “snowflake-plus” and “snowflake-minus” were
introduced to designate the ensuing configurations. In that
paper, only symmetric with respect to the vertical plane con-
figurations were considered. In Ref. 35, a much more
detailed analysis of the SF+ configuration was presented;
the way for analysing asymmetric SF configurations was
described. In Ref. 36, all the magnetic configurations with
two nearby nulls have been identified, both symmetric
and asymmetric. Relation of the flux surfaces and the
properties of the global magnetic field have been
established.

These three papers provide a framework for the dis-
cussion of the snowflake properties in our tutorial, see, in
particular, Secs. II and III. An important feature of this
discussion is the notion that these two nulls act in concert
and are “communicating” to each other in a significant
way.

The characteristic multi-sector structure of the magnetic
field in the null-points of the first, second, and higher order is
a direct property of the Laplace equation. Such structures
have been used in the fusion research for stabilizing the mir-
ror devices (“Ioffe bars™*’) as well as in confinement systems
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for toroidal plasmas (toroidal multipoles), where the first, the
second, or higher-order null was situated near the center of
the poloidal cross-section (see, e.g., Refs. 38-40). The
second-order null could also be transitionally formed inside
the plasma in the course of plasma formation.*' We are,
however, not aware of the discussion and/or use of these field
structures as magnetic divertors prior to Ref. 34.

During the last few years, the snowflake configurations
has been produced and studied on several tokamaks, was a
subject of numerous theory analyses, and has even entered
the realm of reactor design studies. Their promises as well as
their problems have been studied in significant detail. It is
therefore timely to summarize the basic features of the SF
divertors as understood now and relate them both to experi-
mental results and possible reactor applications.

This tutorial is organized as follows. In Sec. II, we dis-
cuss geometrical features of the poloidal magnetic field for
the snowflake divertor, with a focus on the idealized, “exact”
snowflake. Sec. III is devoted to analysis of the two-null rep-
resentation for the near-snowflake magnetic structures and
their experimental realization and configuration control. In
Sec. IV, we consider effect of the two-null geometry on the
scrape-off layer and heat-flux sharing between multiple di-
vertor legs, presenting experimental results from several
tokamaks. Section V contains discussion of the effects that
may be responsible for the heat-flux sharing. Sec. VI
describes prompt ion losses from the snowflake divertor—a
process that may affect the pedestal physics. The experimen-
tal results on the changes of core and pedestal behaviour
between the standard and snowflake cases are presented in
Sec. VII. Sec. VIII is focused on the experiments on radia-
tive divertors and plasma detachment. Sec. IX discusses vari-
ous versions of the snowflake divertors for future fusion
reactor. Sec. X contains an outlook and a brief summary.
Several more lengthy calculations are placed in Appendixes.

When describing the status of the theoretical under-
standing of the snowflake, we identify unsolved theory
problems and challenge the theorists to solve them. We
provide some brief explanation for why a particular
problem may be important. We also identify and high-
light situations where there is a lack of experimental in-
formation, or the present theory does not match
experimental results.

Il. THE MAGNETIC FIELD STRUCTURE FOR THE
FIRST- AND SECOND-ORDER POLOIDAL FIELD
NULLS

A. The poloidal field structure near the null

In the vicinity of the poloidal field null, for the distan-
ces significantly less than the major radius, the structure of
the poloidal field can be well represented by a planar
approximation, with the vector B, having two components
B,(x,y) and By(x,y), with the local coordinate frame (x,y)
shown in Fig. 1. For a planar field, the condition V- B =0
reads as

0B, , 9B,

Ox Oy =0 M
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This equation generates a flux function ®(x,y) such that

B, = —0®/0dy; B, =0d/0x. 2)
The condition ®(x,y)=const describes poloidal flux surfa-
ces. The poloidal magnetic flux between two flux surfaces is
constant. The function @ as introduced by Eq. (2) has a
meaning of the poloidal flux per unit length in the toroidal
direction. Corrections to this model caused by the toroidicity
effects (the finite value of the toroidal curvature) are dis-
cussed in Appendix A.

If one neglects the presence of the toroidal current in the
area of the null (the plasma here is cold and has low density),
one can state that the field is curl-free, i.e.,

OB, 0B,
Si-5o= 3)
Oox 0Oy
This equation then generates a scalar potential ‘¥,
B, =—-0¥/0x; B, =—0¥/0y. )

Substituting Eq. (2) into Eq. (3), one finds that the flux func-
tion satisfies Laplace equation,

Fo i S 2}

(the same is true for the scalar potential).

The planar curl-free magnetic field can be conveniently
described by the machinery of the complex variables,** with
the complex position being

7z =x+1y, (6)
and the field being a complex function F(z) defined by:

ReF = B,; ImF = —B,. 7
We call F “a field function.” The absolute value of the field
is |F).

Equations (1) and (3) constitute the Cauchy-Riemann
conditions for the complex function F, which is, therefore, a
regular function. The complex flux function G(z) =¥ +i® is
regular by virtue of Egs. (2) and (4) and is related to the field
function via F' = —dG/dz, so that

By = —Re(dG/dz),By = Im(dG/dz). 8)

We are interested in the systems where PF coils are
situated far away from the divertor nulls and, therefore, the
flux-function around the nulls is a smooth function of the
coordinates. Near the simple (first-order) null, the magnetic
field is a linear function of coordinates

F=Az, &)

where A, is a constant multiplier (generally speaking, com-
plex). The subscript “1” refers to the first-order null.
Absolute value of A; determines the gradient of the field
strength near the null. In the midplane SOL, i.e., at the dis-
tance of order of a minor radius a from the divertor null, the
poloidal field reaches a value of B,,,, where the additional
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subscript “m” refers to the midplane. So, the natural measure
for the field gradient is |A,| ~ B,,,/a. We will introduce also
a dimensionless form-factor K| ~ 1 that may vary from one
global configuration to another. In other words, we represent
A as

Ay = K(Bpn/a)e™. (10)

The parameter 7 characterizes the orientation of the separa-
trix branches with respect to the geometrical axis.
The complex potential is, obviously,

G = —A12*)2 = —K,(Byn/a)e"2* ]2, a1

where we set an arbitrary additive constant to zero. The
equation ImG =0 describes then a flux surface passing
through the null, i.e., the separatrix. Other flux surfaces are
described by ImG = const, where the r.h.s. specifies the flux
® between the separatix and this flux surface (we remind
that @ is a flux per unit length in the toroidal direction).

Fig. 3(a) shows the shape of the separatrix and a nearby
flux surface for n=m/2, whereas Fig. 3(b) corresponds to
n= —m/3. In order to compare the flux surface shapes and
not be confused by the overall tilts characterized by the
parameter 7, in the further discussion, we will always choose
the orientation, where the bisector of the separatrix branches
is strictly vertical (parallel to the geometrical axis). By
replacing z by z—z, one could shift the null from the origin,
but further on we will always place the origin to the field
null lying on the main separatrix, thereby setting z, = 0.

The absolute value of the magnetic field, |B,|

— /B2 + B2, is |dG /dz| = |A,|

|B[7| = Kprmr/av (12)

Z

, or

so that the absolute value of the magnetic field does not
depend on the polar angle ¢ (Fig. 1(b)) and scales linearly
with the distance from the null. The right-hand side of the
equation dB,/dr=K;B,,,/a determines the radial derivative
of the polodal field at the null. If written in the form

(Bym/a) _ 1
(dB,,/dr) o K1

K, (13)

FIG. 3. Parameter 1 and orientations of the separatrix for the first-order null:
(a) n=m/2 and (b) n = —n/3.
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it yields a quantity x = 1/K, that we will call a “flatness”
of the divertor field: the larger this coefficient, the “flatter”
the field is, with a larger zone around the null where the
field is weak. When the divertor coils are situated at the
distances exceeding the minor radius, this coefficient K is
of the order one. One can deliberately make K; large by
placing the divertor coils very near the null, as it was done,
in particular, in the old ASDEX divertor.*> The flatness
then is low, and the poloidal field near the null grows
steeply.

Consider now the situation where we have two nearby
field nulls, with one of them lying on the main separatrix,
i.e., for our choice of the origin, at z=0. One would then
have for the function F,

F =Ayz(z — 23), (14)
where z, is the second null (with the first null situated at the
origin), and

As = KoBype Ja*. (15)
with K, ~ 1. Integrating F', one finds the complex potential
2 2222>
=AM\ =—— 1
G 2 <3 > ) (16)

where the arbitrary additive constant is set to zero, so that
ImG =0 corresponds to the main separatrix. To find the sec-
ond separatrix, the one that passes through z =z,, one has to
solve an equation ImG(z) = ImG(z;)

3 2 3
Im [e"" (% - %ﬂ — —Im [e"" %2} : (17)

The orientation of the asymptotes of the main separatrix
is determined by the parameter #; we will further set it equal
to zero, so that the separatrix will be oriented as shown in
Fig. 2(a). The confinement zone will then occupy the upper
central sector of the xy plane.

B. The poloidal field characterization for an “exact”
snowflake

We start from considering the situation where the two
nulls coincide (z; =0) and form thereby a single second-
order null. In Secs. IIT and IV, we will expand the analysis to
a more general and practically more important case of a fi-
nite z,. According to Eqgs. (14) and (15), the magnetic field
behaves then as

F = K>(Bpm/a*)7*, (18)

where we have set 7 =0 per our convention regarding the
identification of the confinement zone. An absolute value of
the magnetic field strength is

B, = |F| = Ky(Bpn/a")1*. (19)

It depends only on the distance r to the second-order null.
The change of the dependence from the linear (as in the
standard X-point case) to quadratic has strong effect on the
poloidal magnetic field. In particular, the poloidal field mag-
netic pressure scales as 7* and is very small in the vicinity of
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the second-order null (for example, for r =0.2a and K> ~ 1,
the poloidal field pressure is ~1072 of its value at the mid-
plane). This simple observation may be significant when
assessing the plasma behaviour near the null.

We tag each flux surface with its minimum distance
from the null A,,,;, (Fig. 2). For a given A,,;,, one can evalu-
ate the poloidal magnetic flux between the separatrix and
this flux surface, ®(Any;,). Obviously, for the dependence
(19), this flux is

(I)(Amin) = KZ(Bpm/3a2)Arznin' (20)

Now, we recall that in the toroidal system the poloidal flux
® over the whole toroidal circumference is related to ® by:
&)(Amm) = 27Ry®(Apin), where R, is a radius of the line
formed by the PF nulls (a circle surrounding the geometrical
axis). Here, we assume that the thickness A of the poloidal
annulus is small compared to R,. Consider the same flux
surface near the mid-plane. We denote its distance from the
separatrix at the mid-plane as A. The poloidal magnetic field
in the vicinity of the separatrix near the mid-plane is almost
uniform over the SOL thickness, so that

®(A) = 27R,.B,,A, (1)

where R,, is the plasma major radius at the midplane (for
definiteness, we consider the outboard radius). Equating
®(A) and D (A, ), we find that

Amin 3Rm 173 (A> v
= — 22
a (ROK2> a ’ ( )

1/3 2/3
e (B )N o
A RoK> A
The first factor in Eq. (23) is of order one, whereas the second
one is very large and depends on the distance from the separa-
trix. The closer to the separatrix, the stronger effect. Equations
(22) and (23) are equally valid inside the separatrix.

Taking as A the mid-plane SOL thickness identified
with the widely used parameter 4, (the width of the heat flux
on the target projected along the flux surfaces to the mid-
plane), one finds that for the ITER-like tokamak, with
a~250cm and /,~0.3cm, one could expect very strong
flaring of the poloidal flux near the second-order null,
Anmin/ 44 ~ 90.

For comparison, we present similar results for a standard
X-point divertor described by Egs. (9) and (10)

Amin_ 2Rm 1/2<A>1/2, Amin_ 2Rm 173 a 1/2
a o R()Kl a ' A n ROK1 A '

(24)

or, equivalently,

For the just considered numerical example (a ~250cm and
A~0.3cm), one would have for the standard divertor 3
times weaker flux expansion, Apin/4, ~ 30.

Likewise, if one considers the poloidal field strength at
the same modest distance r from the null (r/a <0.3—0.4),
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one finds that the poloidal field at this distance is smaller for
the snowflake, due to the quadratic vs. linear dependence of
B, on r. At a larger distance from the null, the dependence of
B, on r loses its universality (the power law) and the field
structure becomes device-dependent.

Considering the flux surfaces just inside the separatrix
and using Egs. (23) and (24) with A measured in the inward
direction, one sees that the distance of the pedestal inner
“boundary” is much further from the snowflake null than
from the standard null. This simple example shows that the
effect of a snowflake on the processes inside the separatrix
also can be significant.

These features of the snowflake configuration are
seen in the equilibrium analyses for the configurations
obtained on TCV and DIII-D in Fig. 4. Hexagonal separa-
trix structures and very large flux expansion near the null
(as seen from the shape of nearby flux surfaces) are
clearly visible.

For reference purpose, we provide here brief infor-
mation on these facilities, as well as on the spherical
torus NSTX, where a number of snowflake divertor
experiments was performed.*> ™’ TCV* is a device with
a large number of poloidal field coils that allow for high
degree of control over the plasma shapes; NSTX* is a
spherical (low aspect ratio) tokamak, and DII-D* is a
large tokamak with high plasma current and high heating
power. Table I summarizes typical parameters of these
devices in the snowflake experiments. In this table, B, is
the toroidal field strength, 7, is the plasma current, P,
is auxiliary heating power (NBI in NSTX and DIII-D,
and ECH in TCV), R and a are the major and minor
plasma radius, and Z, is an e-folding length of the heat
deposition as projected along the flux surfaces to the
midplane. All three devices had graphite plasma-facing
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[Jos

4.0 FIG. 4. Plasma equilibria with the
snowflake divertor configurations in
the TCV (a) and DIII-D (b) tokamaks.
The numbers next to the poloidal mag-

D netic field coils indicate coil currents
in kA. Note that both structures are
-3.0 tilted with respect to the vertical axis,

i.e., the parameter  in Eq. (15) is dif-
ferent from zero. The difference in the
tilt may be responsible for subtle dif-
ferences of the divertor behaviour, see,

D in particular, Sections VC, VD, and
VI below. Reprinted with permission
-3.6 from Soukhanovskii et al., J. Nucl.
Mater. 438, S96 (2013). Copyright

2013 Elsevier.*
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components and operated in L- or H-modes with auxil-
iary heating with BxgradB toward the lower (snowflake)
divertor (in TCV, some shots related to the effects of
particle drifts on the flux sharing between the multiple
divertor legs*® have been performed with a reversed to-
roidal field*)

Now, we turn to more subtle features of the second-
order null. The flux function for the exact snowflake (z, =0
in Eq. (16)) is

K>B
®=ImG =—2
m 3q?

(y3 — 3x2y) . (25)

Consider some field line whose minimum distance from the
null is A, (Fig. 2). The position of the point closest to the
null in the x,y coordinates is X = AninV/3/2,y = Amin/2, 50
that the equation that defines the field line passing at the min-
imum distance A, from the null reads as

y3 _3 xzy — _A

'min

(26)

Take two symmetrical points, 1 and 2, whose distance from
the null is 2A;,, Fig. 2(a). We now evaluate the magnetic
field line length L;, between these two points (so-called
“connection length”). This length can be presented as an
integral

TABLE I. Main engineering and plasma parameters of the tokamak snow-
flake experiments.

B,(T) I,(MA) P, ,,MW) R(m) a(m) A,(mm)
TCV 1.4 0.300 0-1.5 0.88 0.22 8
NSTX 0.5 0.8 4-6 0.85 0.65 6
DIII-D 2.0 1.2 1-5 1.70 0.60 2.5-3
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VBB
L= J 5, dl =~ By JB,, , 27)

1 1
along the poloidal projection of the field line, with d/ being a
length element of this projection, and B, being the toroidal field
strength. When transitioning to the second equality in Eq. (27),
we used the fact that B,, < B, and the toroidal field is nearly
constant at small distances from the null (B, scales as 1/R).
Expression (27) determines the contribution of the vicinity of
the null to the total connection length L (target-to-target for the
open field lines, and full 27 poloidal turn for the closed field
lines). As we shall see, the contribution (27) becomes domi-
nant for the field lines that are close to the separatrix.

Using Eq. (26) for the poloidal field line and Eq. (19)

for the magnetic field, one finds the following expression for
the field line length:

dl B 2
Ly~ B,J— ~2o- 2t ¢ (28)

| Bp K2Bpm Amin .
The length of the segment of the field line traversing the
zone of a weak poloidal field diverges for the flux surfaces
approaching the separatrix, as the field line makes many turns
in the toroidal direction before it leaves the null area. The
divergence is a strong power-law divergence, L ~ 1/Ap,. If
one expresses L as a function of the distance A to the separa-
trix in the mid-plane, one finds that L, o 1/ A3 (see Eq. (22)
relating A and A ;).
For the standard first-order-null divertor, the same calcu-
lation yields

B.a

L 2 = 2.8 .
! K\Bpm

(29)

As before, the points 1 and 2 are the points for which the
distance to the null is two times higher than at the mid-point,
i.e., 2Ain- Eq. (29) indicates the absence of the power-law
divergence for the standard null. The difference in the length
of the flux tubes in the vicinity of the field null is directly
related to the stronger poloidal flux expansion (weaker B),) in
the snowflake divertors.

In Egs. (28) and (29), one could extend the integration
from one divertor target to the other and find the total con-
nection length, but this total length characterizes not so
much the divertor region but rather the global plasma shape
that is not much different between the standard and snow-
flake divertors. Still, we present here an expression for the
target-to-target connection length L, ,

t

B
L~ J tdla (30)
Bp

n

where the end-points are situated on the targets. Here, we do
not take the B, out of the integral. In the case of very small
A, the target-to-target length diverges as (a/A)"? for the
snowflake divertor and as In(a/A) for the standard divertor.
Consider two nearby flux surfaces confining the poloidal
flux d®. The volume SV of an annulus limited at the top and
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the bottom by the points 1 and 2 (Fig. 2(a)) or by divertor

targets is

[ o fal

5V:J—|d£:5<i>J—, (31)
1

™= >

P ! B,

where the integration has the same meaning as in Eq. (28).
An important parameter is specific volume 8V /d® of this
annulus. For tokamaks with a not too small aspect ratio, the
toroidal field experiences only a modest variation between
the midplane and the null. One can then assume that By is
roughly constant along the integration path; also, one has By
> B,. With these observations made, and using Eq. (27),
one finds that

8V12/6® ~ L1»/B,, (32)

so that the specific volume is proportional to L, (cf. Eq. (5)
in Ref. 50).

Therefore, according to Egs. (29) and (32), the specific
volume of flux annulus in the vicinity of the separatrix for
the snowflake is much larger than for the standard divertor.
The increased volume means that the radiation power from
the low poloidal field zone will be higher for the snowflake
(for the same plasma parameters), especially near the separa-
trix. This factor may have a favorable impact on divertor per-
formance. Indications for this effect have indeed been found
in numerical simulations (see below).

Switching now to the area of closed flux surfaces just
inside the separatrix, one can evaluate the safety factor ¢
defined in a standard way

1 (Brdl
q—ﬂﬁﬁg, (33)

where the integration is carried out along a closed field line
in the poloidal plane. If ¢ is represented as a function of a
distance A between the separatrix and a flux surface in a
mid-plane, one would immediately find that for small A the
g-factor diverges, logarithmically for the standard null,
q < In(a/A), and as a power law, g « (a/A)'>, for the
snowflake. There will be also a strong divergence of the
magnetic shear that is proportional to dg/dA.

In the divertor physics, an important parameter is a so
called flux expansion that can be introduced in the following
way. Assume that at the mid-plane the normal distance
between two flux surfaces is 0,,. The poloidal magnetic flux
enclosed between these two flux surfaces is 27Ry,Bpmdm.
Moving along the flux surface to the strike point, we can
express the same flux as: 2nRB,6. We see that the ratio f . of
the surface area enclosed between the flux surfaces in these
two positions (i.e., (2nR)/(2nR ,0.,)) is simply

By
= (34)
fe=3

The larger this parameter, the larger is the surface area of the
“wetted” zone on the target, the stronger reduction of the
heat flux one can anticipate. We emphasize that the poloidal
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field flux enclosed by the annulus does not change, what
changes is the surface area of the normal cross-section. If
one is interested in the variation of the normal (to the flux
surface) width 9, one finds

= 0 — M (35)

Om RB,
This parameter is also often called “flux expansion,” along-
side with f .

If the plasma penetration to the private flux region of the
main separatrix is small, as is usually the case in the standard
divertor, these parameters are easy to use and interpret. The
same relates to the situations with a snowflake divertor, if
the plasma exhaust occurs mainly through the common flux
region of the main separatrix.

However, in the case of a snowflake divertor, there is a
possibility of “activation” of four strike points and corre-
sponding heat flux sharing between all four of them (see
Secs. IV and V). In this case, the use of the parameter (34)
and (35) requires caution.

C. Summary of the plasma physics effects strongly
influenced by the snowflake geometry

Before going to further discussion, we present here a
summary of the effects that may be strongly influenced by
the transition from the first to the second-order null. We will
later include effects of a finite distance between the two nulls
in the more general “approximate” snowflake cases. For the
exact snowflake, these effects include:

1. Stronger flaring of the magnetic field and corresponding
increase of the poloidal flux expansion (35) near the field
null compared to the standard divertor: at the same (small)
distance from the divertor null, the poloidal field of the SF
divertor is lower than in the standard divertor. A signifi-
cant additional effect comes from the related increase in
the connection length. This leads to an increase of the
temperature drop between the midplane and the target; a
longer residence time of a certain parcel of plasma on its
way to the target would also increase the radiative losses.
Simulations of the SOL transport generally confirm these
trends.”'~® Transition to detached regimes is facilitated as
observed experimentally (Sec. VII).

2. Change of the connection length and magnetic shear
inside the separatrix, in the pedestal region, and possible
effect on the pedestal transport and “germination” of
ELMs. These are relatively subtle effects and the analyses
performed so far show that the peeling-ballooning mode
may be affected in a significant way,””%® whereas the
other studies show that the effect may be weak.®' A lot
depends on details of the geometry—if the mode is
sheared off before even reaching the vicinity of the null,®'
the localized changes of the field properties may become
irrelevant; on the other hand, the modes with lower mode
number may still be affected.

3. A counterpart of this effect on the open field lines, where
a SOL intermittent transport (called also “blob” trans-
port®®) can be affected both by the increased blob length
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and a reduced connectivity to the target (reduced by a
stronger shear, Ref. 63). In TCV, experiment significant
reduction of the blob transport was observed (see Refs. 64
and 65; Fig. 14 below).

4. Effect on the neoclassical particle trajectories in the
pedestal region. Those trapped ions whose turning points
are situated near the second-order null spend there a very
long time (as the connection length in this zone is very
large) and experience large excursions with respect to the
flux surfaces.®® There is a dramatic increase of the prompt
ion loss in the case of a “normal” orientation of the toroi-
dal field, the one corresponding to the toroidal drift
directed towards the null. This, in turn, may have an effect
on the electric potential distribution in the pedestal
area,®”%® and thereby on the velocity shear.

5. Effect on the field stochastization near the second-order
null caused by the presence of the zone of a very weak
poloidal field. In particular, there may be an interesting
change in the effect of the RMP coils.®

6. Possibe sharing of the heat flux between all divertor legs,
occurring through a variety of potentially possible mecha-
nisms: modified particle drifts,48’49 flute-like and balloon-
ing instabilities,”® axisymmetric convection (a churning
mode’"), and magnetic field stochastization. This heat
flux sharing is highly desirable as it would allow to fully
realize the SF divertor potential in reducing heat flux and
facilitating detachment in each of the strike points. If the
flux sharing occurs via turbulent convection, it may also
broaden the width of the wetted area in each of the diver-
tor legs.>*"!

Some of these effects have been observed experimen-
tally (see below); some have not been clearly identified. The
latter may be caused by the uncertainties in the theory pre-
dictions, or in the relative smallness of these effects. Some
of them may be more important for the eventual solution of
the divertor problem, the other may be less important. But,
all of them can contribute to our better understanding of
the divertor physics and, in their totality, make a snowflake
divertor an excellent “divertor laboratory.”*>?

lll. SNOWFLAKE CONFIGURATIONS WITH TWO
NEARBY NULLS

A. Classification of the ensuing field configurations

The realization of the fact that one has always to deal
not with an exact second-order null, but with two nearby
first-order nulls has been a part of the snowflake approach
from the first publications®*> on this subject. A broad vari-
ety of ensuing configurations was assessed in Ref. 36. The
characteristic geometries are illustrated by Fig. 5. One can
characterize the position of the second null by its coordinates
X5 and Y>, but a more convenient description was proposed
in Ref. 36, where the position of the second null was charac-
terized by its distance D from the first null and an angle ¢
between the x-axis and the direction to the null (Fig. 5(d)). It
is assumed that this second null is situated in the lower half-
space (¢ > 0 for the orientation shown in Fig. 5(d))
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FIG. 5. Quasi-snowflake configurations. All the distances are normalized to the distance between the nulls, so that D = 1 in all cases. Convention on the orien-
tation is that 1 = 0 (see Eq. (15)), so that the asymptotes to the upper branches of the separatrix form an angle 7/6 with the y axis. Angle ¥} (shown in panel
(d)) is measured between the right branch of the horizontal axis and red segment that connects two nulls. Cases for ¢ > /2 mirror the cases for ¢ < m/2. Still,
we have shown a few of them. Although they are mere reflections of the cases with ¢ < /2, they are not identical in a practical sense: if the tokamak geomet-
rical axis is at the left, they may give rise to “activation” of different strike points, see discussion in Sec. IV A. Special cases (f) and (k) where both nulls lie on

the same separatrix are topologically unstable. See further details in the text.

X, =Dcost; Y, =—Dsind. (36)

Normalizing all the distances to D and using equa-
tion ImG(z)=0 for the primary separatrix and Eq. (17)
for the secondary separatrix, with #=0 in both cases,
one finds then the following single-parameter (v) family
of curves describing the primary and secondary
separatrices:

3 22

—y?—i—xzy—xycosﬁ—}—%sinﬁ:O, (37

3 2_ 2
fy—+x2yfxycosq9 +%sim9 =

sin 379
3 .

(38)

Several characteristic shapes are plotted in Fig. 5, starting
from ¢ =0 and moving on to higher ¥J. The configuration
shown in Fig. 5(a) corresponds to ¥ =0; both nulls are
situated on the same separatrix. The split of the two nulls
in the horizontal direction corresponds typically (albeit not
universally) to a lower than “ideal” current in the divertor
coils. This is why this configuration was called “snowflake-
minus” in Ref. 34. This is in some sense an analogue of a
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double-null divertor, but with the nulls situated not at the top
and the bottom of the separatrix but close to each other near
the bottom. As mentioned in Ref. 36, a condition that two
nulls lie on the same separatrix makes this configuration
topologically unstable to small perturbations of the coil cur-
rents (that determine, in particular, the angle 1J): an infinitesi-
mal change of 9 eliminates connection between the two
nulls along the flux surface. For example, for slightly
increasing angle ¢ from zero to, say, ¢ = ©/12, we obtain a
configuration shown in Fig. 5(b).

In this configuration, the secondary separatrix encloses
the primary one, or, stated differently, the secondary null is
situated in the common flux region of the main separatrix.
Moving further, we see a sequence of these configurations
maintaining the same topology until we reach the point
where ¥ = n/3, where we again find a situation where both
nulls lie on the same separatrix. Configurations with 0 <
¥ < /3 are formed as a gradual evolution of the initial SF—
configuration of Fig. 5(a) and are all called “snowflake-
minus” configurations. The configuration of Fig. 5(f) is again
topologically unstable: it slips back into the snowflake-
minus category if ¢ is slightly lower than /3 (Fig. 5(e)) or
joins a different, “snowflake-plus™ category, for which the
second null lies in the private flux region of the main separa-
trix (Figs. 5(g), 5(h), and 5(i)). The name “snowflake-plus”
stems from the fact that it typically corresponds to a higher
than “ideal” current in the divertor coils. Continuing to
increase v beyond 7/2, we obtain “flipped” configurations. A
few of these “flipped” configurations are shown in Figs.
5G)-5().

As mentioned, the intermediate configuration of Fig.
5(f) is topologically unstable. If, however, one wants to use
it in a practical divertor design, one can operate the PF coil
system so that it would become one of the nearby topologi-
cally stable “plus” or “minus” configurations. An example of
such configurations is illustrated by Figs. 5(e) and 5(g).

An important parameter of the two null configurations is
the magnetic flux &312 enclosed between two separatrices. To
find it, one notes that @, = 27Ry D}, = 27RoImG(z;) and
uses Egs. (15) and (16) with n =0

. in 39
By = 2K RB D %. (39)

This flux becomes zero when both nulls lie on the same
separatrix. Within the segment 0 < ¥ < , @ 12 turns zero
for ¥ = /3 and ¢ = 2n/3. Those are configurations shown
in Figs. 5(f) and 5(k). They are both topologically unstable
as, for an infinitesimal change of 1, they turn either to a
snowflake-plus (like Fig. 5(g)) or snowflake-minus (like
Fig. 5(e)), with a different connectivity of the sectors on the
(x, y) plane.

Although the field structures shown in Fig. 5 look quite
different from each other in the zone of the size ~D, at larger
distances they look as “exact” snowflakes. This is illustrated
by Fig. 6 where two of the configurations of Fig. 5 are shown
at lower “magnification” so that more distant part of the field
structures becomes visible. One clearly sees that in this
farther zone the six outgoing branches of the separatrix are
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essentially the same for both configurations. Figure 6 is dis-
cussed in more detail in Sec. III B. Here, we only mention
that are using the following convention regarding the orien-
tation of the separatrix: the confinement area lies in the
upper sextant, with the y axis parallel to a bisector between
asymptotes of the separatrix branches.

Another aspect of the characterization of the near-
snowflakes is related to the issue of the reaction of the
configuration to the possible imperfections in the adjustment
of the PF currents. These issues have been discussed in the
first snowflake publications®*** and are summarized in
Appendix B. The conclusion is that the split D between the
nulls scales as a square root of the current mismatch, which
is often created deliberately, to operate in one of the topo-
logically stable modes and/or study the physics associated
with the finiteness of D.

Within the family of the near-snowflake structures
of Fig. 5, there are snowflake-plus, snowflake minus, and in-
termediate configurations of Figs. 5(f) and 5(k) that are
actually rotated configurations of Fig. 5(a). A smooth mag-
netic field (where the scale of the magnetic field variation is
greater than null-to-null distance) in the zone of a negligible
toroidal current does necessarily look as one of the configu-
rations shown in Fig. 5, see Ref. 36. The underlying physics
that determines this structure lies in very basic properties of
the magnetic field (or, put it differently, of the Laplace equa-
tion). The existence of a simple analytical field representa-
tion is a mere consequence of this physics (certainly a
fortunate consequence that allows one to easily uncover
many interesting details). If the field is created by remote
coils (situated at a distance sufficiently large compared to
D), the field is automatically smooth. As mentioned in Sec.
I, the remoteness is a desirable feature of a practical
divertor.

As a common name for the configurations of Fig. 5, one
can use a term “quasi-snowflakes” as was done in Refs. 54,
56, and 72. To designate a configuration intermediate
between SF-plus and SF-minus, a special term “tripod” was

a) b)

\

/

FIG. 6. The snowflake-minus (a) and snowflake-plus (b) configurations.
Green circles show the zone, outside which the field becomes close to that
of an exact snowflake. Red circles delineate a zone affected by the prompt
loss or other snowflake-specific effect. If the size of the second zone is larger
than that of the first zone, one can use the model of an “exact” snowflake to
evaluate the effect in question.
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introduced in Ref. 73, due to the three outgoing branches of
the separatrix in the second null. Fig. 7 shows a geometry of
one of such configurations. The contours around the nulls
correspond to |B,/Bpm| =0.1.

A full divertor design includes not only the magnetic
configuration but also position and shapes of the divertor
targets, position of pumping ports and gas-puffs (if used).
The same magnetic configuration may give rise to quite dif-
ferent divertor designs. In particular, a tripod configuration
of Fig. 5(f) (or adjacent to it topologically stable configura-
tions Figs. 5(e) and 5(g)) may serve as a basis for the Pitts’
divertor’® (where the target would be situated in front of the
null), or as a basis for a recently proposed X-point target
divertor’ (where the second null would be enclosed in a
separate divertor chamber). This can be done with the under-
lying snowflake configuration remaining unchanged.

Such divertor designs can be implemented (and the
Pitts’ divertor has actually been implemented, Ref. 30) with
the field structures where the two nulls are situated at a large
distance from each other, so that the magnetic configuration
does not belong to the snowflake family of Fig. 5. In other
words, placing the second null near one of the branches
of the main separatrix, far away from the main null, is a
feature that is independent and separate from the snowflake
approach.

So, when using the terms “quasi-snowflake” and “tripod”
to characterise the near-snowflake configurations, one has to
exercise caution, as some of the structures mentioned in the
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FIG. 7. A tripod magnetic configuration in the lower divertor of the HL-2M
facility, courtesy G.-Y. Zheng. This is an almost exact tripod, with the sec-
ond null lying very close to the main separatrix. Reprinted with permission
from Zheng et al. Fusion Eng. Des. 89, 2621 (2014). Copyright 2014
Elsevier.
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previous paragraph may look similar to the ones shown in
Fig. 5, but still not belong to the snowflake family. We would
not recommend to expand the terms “quasi-snowflake” and
“tripod” to describe these configurations.

A direct consequence of generating the field by the
remote currents is that the nulls are automatically, by con-
struct, acting in concert with each other: if, for example, we
are moving them closer to each other, by manipulating the
currents in the PF coils, the field changes significantly
around each of the nulls, both the “main” one, bordering the
confinement zone, and the second one, near which one may
want to put the divertor target. One cannot consider the
adjustments of the field structures near the second null sepa-
rately from the changes occurring near the main one. These
observations were a trademark of the initial snowflake publi-
cations®**> and remain the basis for the snowflake divertor
analyses to date. The interdependence of the two nulls may
be considered as a disadvantage of the snowflake configura-
tion as it would limit divertor design options, but this is a
cost that has to be paid for the possibility of creating and
controlling the magnetic configurations of the snowflake
family by remote coils.

We sometimes speak in this paper figuratively about a
“conversation” between the nulls, as this word sends a quali-
tative message that their mutual position and the distance
between them determine the overall field structure. Of
course, the field and the positions of the nulls and separatri-
ces are determined by the currents and are the physical
entities of their own, not the results of some Taylor series
expansions. What these expansions, however, help to high-
light is that the structures of the smooth magnetic fields are
constrained and are fully determined (aside from the field
strength) by a simple geometrical parameter ) (Fig. 5(d)).

Near each of the nulls of the quasi-snowflakes, at the
distances smaller than the distance between the nulls, the
field behaves as in the case of a standard divertor, i.e., the
absolute value of the field is independent on the direction
and scales linearly with the distance from the null in ques-
tion. Indeed, consider small distances 0z from the “main”
null, z= 0. Equation (10) then shows that F' ~ —Az,0z, and

B, = |F| = |Az|Dr, (40)

where D = |z,| is the distance between the nulls, and r = |dz|
is a (small) distance from the first of them. Consider now the
vicinity of the second null and introduce dz = z—z,. Then, we
again have F' ~ —A;z,0z and we recover the same expression
for the field variation, with r being now a distance from the sec-
ond null, 7= |z—z,|. The derivatives dB,/dr are also identical.
This property is quite general in the sense that it takes place for
any of the configurations shown in Fig. 5. This is the simplest
example of a “conversation” between the two nulls: the second
null “knows” of the presence of the first null nearby. An
approximately equal “flatness” of the field (|VB,| = |A,|D) in
these two nulls is a general property of the field created by
remote coils.

The flatness is not a parameter that can be easily found by
direct magnetic measurements (although it can be determined
via magnetic reconstructions by the equilibrium codes, as it has
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been done in Ref. 75, see Fig. 11 of that paper, where the
inverse flatness was found as a function of the distance between
the two nulls). Still, it is of significant interest, as it shows an
extent of the zone of a low magnetic field near each null.

For finite D, the cubic dependence of the magnetic flux
vs. A, (Eq. (20)) breaks down. For A,,;, <D, the field
depends on A,,;, linearly, and the flux scales as AZ, ; for
larger distances, the field becomes insensitive to D and the
flux scales as Afnin. This issue has been analysed in signifi-
cant detail in Ref. 34 and, especially, in Ref. 35.

The poloidal magnetic field pressure in the divertor area
may affect the plasma convection and other properties of the
divertor. From Eq. (10), it is clear that the spatial distribution
of this parameter around the line connecting the two nulls is
the same for all configurations shown in Fig. 5.
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The iso-contours for the magnetic field pressure are
shown in Fig. 8 for the snowflake-minus (¢ = 7/12), tripod
(¥ = n/3), and snowflake-plus (¢ = 57/12). Indeed, the
pressure distribution is identical, up to orientation of the line
connecting the two nulls. With that, the structure of the field
lines in terms of the connectivity of various parts of the SOL
is quite different. To show this circumstance, the separatrices
are overlaid on the iso-contours of the magnetic pressure.

The poloidal magnetic field strength at the mid-point
between the nulls, i.e., at z=1z,/2, is B, = |A2|D*/4. This
parameter is the same for all the configurations shown in
Fig. 5, provided the distance D is the same.

Although the plasma current in the divertor area is typi-
cally small, its presence may have some effect on the field
configuration. This issue is discussed in Appendix C.

|z — 2|*. 41)

B. The proximity condition

One simple measure of the closeness of the quasi-
snowflake to an exact snowflake that is commonly used in
experimental papers, is the ratio

¢=D/a (42)

that normalizes the null-to-null distance to the minor radius.
This is a clearly defined and easy-to-comprehend parameter.
Certainly, if o> 1, it is hard to expect that the snowflake
description will be productive (although there may be
exceptions).

a) b)
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When ¢ is less than one, the two nulls are sufficiently
close to each other to allow using a two-null representation
of Sec. Il A and exploit general properties of this representa-
tion. One can make one step further and ask a question:
“When the two nulls become so close to each other that the
plasma behaviour becomes indistinguishable from the one
that would take place in an “exact” snowflake, with its
B, ~ /* field dependence and the hexagonal shape of the sep-
aratrix?” To answer this question, we show in Fig. 6 two
quasi-snowflake configurations, “minus” and “plus” with the
same null-to-null distance D. A green circle with a center at
the midpoint between the two nulls has a radius of D, so that
the shortest distance from each of the nulls to this circle is
D/2, and outside this circle, the field structure is close to an
exact snowflake.

Let us now consider how some specific plasma phenom-
enon occurring in the area of the two nulls, e.g., prompt ion
loss, is affected by the parameter D. If the prompt loss
encompasses a zone of the size D* (a red circle) exceeding
D, then this effect will be only weakly changed by the fact
that there is some separation between the nulls. In other
words, if the scale of the zone D* determining some phe-
nomenon in the exact snowflake exceeds the distance of the
two nulls D in a quasi-snowflake, then the finite separation
between the nulls does not affect the process in a significant
way. This condition was called in Ref. 50 “a proximity
constraint.” This is a qualitative condition, and one has to be
careful when using it, but it helps in a general orientation in
the problem.

One more example is the effect of the second null on the
plasma transport in the common-flux region (SOL). If the
second null lies closer to the main null than the SOL thick-
ness, then the magnetic structure in the major part of the
SOL will be correctly described by the model of an exact
snowflake. Using Eq. (22), one can write the following
order-of-magnitude condition for this to happen:

D < a(iy/a)'. (43)

This is an order-of-magnitude estimate: when this condition
is satisfied marginally, one has to be cautious as the heat flux
in the SF— divertor may be split roughly equally between
two branches (as illustrated by Fig. 5(b) in Ref. 36); how
strong the inequality should be in order to allow the use of
the model of an exact snowflake depends on the specifics of
a particular device. More discussion of this flux splitting is
given in Sec. IV. If, however, the condition (43) is held by a

C
) FIG. 8. The isocontours of the mag-
T netic pressure for the SF— (a) a tripod
(b) and SF+ (c). The distance between
the nulls is the same in all cases. The

magnetic pressure distribution is the
same, up to a turn of the coordinate
frame. On the other hand, the separa-
trix structure is quite different: in the
left panel, the secondary separatrix
encloses the primary one (see the seg-
ment of the blue line to the left of the
main separatrix), whereas in the third
case they are separate.
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large margin, then essentially all the heat on the outboard
side goes to the outermost strike-point, and such parameters
of the divertor problem as the SOL volume and connection
length become close to those of the exact snowflake. Here,
we imply that there is no enhanced transport in a region of a
low B,,; the opposite case is discussed in Sec. V.

We see that the proximity to an exact snowflake depends
on the specific effect we are interested in: in the aforemen-
tioned examples, the proximity constraint may be satisfied
for one process and not satisfied for the other.

If the proximity constraint is violated, this by itself does
not mean that the general classification of the snowflake field
structures of Fig. 5 breaks down—this occurs only when the
null-to-null distance becomes comparable to the scale of the
global magnetic structure (roughly, when the parameter ¢ of
Eq. (42) becomes ~1). Until D is small in the aforemen-
tioned sense, strong interdependence between two nulls
exists. This can be seen in a qualitative fashion, by noting
that the field structure of each of the panels shown in Fig. 5
possesses a center of symmetry situated in the middle of the
red segment connecting the nulls: both nulls are identical in
the sense of the field structure, up to this reflection.

C. The geometry—experimental results

Experimentally, all the configurations of the snowflake
family (Sec. Il A) have been produced. Magnetic equilibria
reconstructions based on solutions of Grad-Shafranov equa-
tions, constrained by magnetic measurements and accounting
for kinetic effects, were used in TCV, NSTX, and DIII-D to
infer geometric properties of the snowflake configurations.
Geometric properties of the snowflake-plus and the
snowflake-minus are similar to those of the exact snowflake
configuration when the distance D between the poloidal nulls
is sufficiently small (Section IIIB). Figure 9 demonstrates
the poloidal field structure in DIII-D.”® The poloidal flux
expansion (35), (BpR)mid/(BpR)Gliv evaluated on the divertor
target is significantly increased in the snowflake-minus
due to the proximity of the target plate to the snowflake. The
connection length is significantly increased through most of
the SOL radial extent (cf. SOL power width) in the
snowflake-minus, and through a smaller fraction of the SOL
radial extent in the snowflake-plus. In TCV,”” the null-
region poloidal magnetic flux expansion (see inset in Fig. 5
of that paper) was increased by a factor 1.5-2, the connection
length L. was increased by a factor 2-2.5, for a flux surface
whose distance from the separatrix at the midplane was
1 mm. The highest increase in flux expansion and L. in TCV
was obtained with the ideal snowflake configuration. Note
that in Ref. 77 the connection length between the midplane
and null region was presented, whereas in Ref. 91 the con-
nection length was evaluated between the midplane and the
strike-point. In NSTX, the asymmetric snowflake-minus con-
figuration showed an up to 50%—75% increase in L. and flux
expansion in the strike point region. The high flux expansion
region extended throughout 30%—50% of the SOL width.

This discussion shows that the flux expansion at the
strike point is not an invariant characteristic of the changes
in the magnetic geometry. A lot depends on the geometry of
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FIG. 9. The snowflake-minus and snowflake-plus divertor configurations
realized in DIII-D and comparison of their geometric properties with the di-
vertor configuration with a larger distance between the nulls that is more
close to the standard null (SN). (a) Plasma equilibria with the primary (SP1,
SP4) and the secondary (SP2, SP3) divertor strike points shown. Also shown
are Bp=0.1B,™ contours, where B, is the poloidal magnetic field at the
midplane separatrix. (b) Radial profiles of (BpR)'“id/(BpR)div (flux expansion
as defined by Eq. (35) and the midplane to target magnetic field line length
(connection length) for the three configurations. Reprinted with permission
from Soukhanovskii ez al.,”® J. Nucl. Mater. 463, 1191 (2015). Copyright
2014 Elsevier.

the confinement vessel in a particular device. In the practical
divertor design, the position and tilt of the target plates (or,
speaking more generally, the target plates geometry) would
be optimised in coordination with the magnetic geometry.

The detailed equilibria reconstructions mentioned above
are in a good agreement with the two-null representation of
Sections II and IITA. Fig. 10 shows an example of such a
comparison for the snowflake-minus configuration on NSTX.

When assessing the geometrical properties of a snow-
flake, one should exercise some caution with parameter g,
Eq. (40): in two facilities with different global magnetic con-
figurations, the same value of the parameter ¢ may not mean
that the field properties are the same: what is also important,
beside the value of o, is the coefficient K, (Eq. (18)) that
characterizes the global structure of the magnetic field and
may be different between two facilities or two different
global configurations.

If one is interested in the connection length, or magnetic
shear, or other similar characteristics of the quasi-snowflake,
one has to evaluate them, strictly speaking, separately for
different zones in the xy plane. For example, in the case of a
snowflake-minus, these would be the zones marked as I-VI
in Fig. 11. Within each zone connected to the mid-plane, this
has to be done as a function of the distance from the separa-
trix in the midplane, as this has been done in Fig. 9(c). Such
studies have been done in a number of cases related to spe-
cific experimentally realized or planned configurations
(e.g., TCV,”” NSTX,’*”° DIII-D,’® FAST,* HL2-M,”® and
EAST®!), and we will not dwell on these design-specific
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FIG. 10. An overlay of the full equilibrium reconstruction (the red and blue
being the primary and secondary separatrices, respectively), and the two-
null representation (green). Reprinted with permission from Phys. Plasmas
21, 054701 (2014). Copyright 2014 AIP Publishing LLC.”®

calculations. We will, however, note that if the two nulls are
situated close-enough to each other, one can ignore their sep-
aration and use the estimates of Sec. II B pertaining to the
“exact” snowflake. We addressed this issue in general terms
in Sec. IIIB and will later specify conditions for specific
divertor effects.

D. Equilibria and control

Tokamak real-time plasma feedback control systems
have matured in recent years significantly, leading to the
possibility of controlling many critical tokamak plasma
parameters, e.g., f§, rotation, pedestal structure, and divertor
radiation.®® The desirability of the snowflake divertor config-
uration control, e.g., the tracking of the two poloidal field
nulls and keeping them close to each other in real time with
feedback on the magnetic coils, has been emphasized in the
initial experimental papers.’>’® This could be particularly
important for maintaining the desired configuration during
transients and off-normal events.

Initial tokamak experiments, however, used pre-
programmed magnetic coil current targets that satisfied
snowflake equilibria designed off-line using free-boundary
Grad-Shafranov equilibria solvers. A plasma shape with the
standard divertor was taken as the target and the divertor
coils currents were iteratively modified to obtain the desired

Vi

FIG. 11. Partition of the poloidal cross-section by the primary and secondary
separatrices for the SF-minus case (Roman numerals). The left and right
parts of the domain II and IIT are connected over the upper part of the con-
finement region I. The red Arabic numerals designate the four divertor legs.
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divertor configuration. In some cases, e.g., in TCV, numeri-
cal optimization was used to minimize perturbation to the
poloidal magnetic flux in the main plasma, and produce min-
imal deviations of the coil currents from the standard diver-
tor.”” In the experiment, the obtained coil currents were
entered before the discharge into the plasma control system.
An iterative approach was again used to fine-tune the config-
uration in the experiment. A hybrid approach was also possi-
ble: in NSTX and DIII-D, the plasma control system was
used to control the strike point or main X-point positions in
combination with pre-programed coil currents. These techni-
ques enabled snowflake-plus and snowflake-minus configu-
rations for many plasma energy confinement times, sufficient
for snowflake divertor studies in the TCV, NSTX, and DIII-
D tokamaks using the existing poloidal coil sets. Further
optimization of these techniques, still based on static equili-
bria modeling, has been proposed and implemented for a
given set of poloidal field coils, or for a coil set specifically
optimized for the snowflake configuration.®?

Long-pulse plasma discharges in present day tokamaks
are likely to introduce time-varying magnetic and plasma
boundary parameters, e.g., slowly varying divertor magnetic
leakage flux due to the time-evolving ohmic solenoid cur-
rent, or fast plasma pressure variations due to edge localized
modes. This necessitates a magnetic feedback control of the
divertor configuration. A computationally fast poloidal null
tracking algorithm was proposed® based on the analytic
Grad-Shafranov equation expansion and evaluation of local
magnetic field components in real time®> An application of
this algorithm for snowflake divertor configuration control
was studied in the DIII-D tokamak. The metrics of the snow-
flake divertor were the inter-null distance and the orientation
of the segment connecting the nulls, in accordance with the
proposed snowflake classification schemes.*® The coil cur-
rents needed for a desired snowflake configuration were cal-
culated in real time by finding the linearized effect of the
coil currents on the snowflake configuration parameters at
every instance using real-time EFIT. The power supply sys-
tem was controlled to achieve the desired currents using a
proportional integral-derivative controller. These promising
results are an initial step in the snowflake divertor control
and optimization development for existing and future
tokamaks.

IV. SCRAPE-OFF LAYER FOR THE NEAR-
SNOWFLAKE CONFIGURATIONS

A. Qualitative analysis

We now qualitatively discuss how the finite distance
between two nulls can affect the structure of the scrape-off
layer and the partition of the heat flux in the quasi-
snowflakes. This discussion can serve as a template for
assessing the role of the finite D in other phenomena sum-
marized in Sec. II C. We will focus on the SOL plasma trans-
port on the flux surfaces directly connected along the field
lines to the mid-plane SOL, a standard procedure for an ini-
tial qualitative analysis of the divertors.'' Later, in Sec. V,
some additional mechanisms of the plasma transport in the
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zone of a weak poloidal field and to the private flux region
will be considered.

Assume first that the distance between the nulls is signifi-
cantly smaller than the SOL thickness at the point of the maxi-
mum flux flaring (Eq. (22)). We denote this thickness by Ag;y,
to distinguish it from the running parameter A;,, with
Apin = Agiy at the SOL boundary [In reality, the SOL does not
have a step-wise boundary, so that Ag;, has a qualitative mean-
ing of a “characteristic” width.]. Assume, therefore, that

D < Agiy. (44)

(Figs. 12(a) and 12(b)). The field structure over the most
part of the SOL near the null is then essentially the same as
for the exact snowflake (see Sec. III B), and this would be
correct for all the structures shown in Fig. 5, including
snowflake-plus and snowflake-minus (where only a small
fraction of the plasma flux is diverted to the additional
strike point). Equation (44) becomes then D < a(/lq/a)” 3,
where a is the minor radius and 44 is the SOL power width
projected to midplane (cf. Eq. (43)). Issues of the plasma
penetration to the private flux region require a separate
analysis; in the absence of some additional, snowflake-
specific, modes of the transport in the weak B, region (dis-
cussed in Sec. V), the plasma penetration to the private
flux region is typically modest, in agreement with recent
simulations of Ref. 90.

As mentioned, with the same (small) values of ¢, condi-
tion (43) may be satisfied in one machine and not satisfied in
the other, due to possible different midplane SOL thickness
A and different value of the parameter K, in Eq. (18).

When the distance D becomes comparable to Ag;,, there
may appear significant difference between the SF+ and
SF—, as illustrated in Fig. 12. Assume, for example, that the
distance D is about half of Ay, Figs. 12(c) and 12(d). Then,
in the case of a SF—, there will be heat flux splitting between
two divertor leg’s 1 and 3 (Fig. 12(c)), whereas in the case of
SF+ (Fig. 12(d)), the heat flow will still go to the same strike
point. Here, we assume first that the field structure is not per-
turbed by the presence of the plasma, as is the case for a
low-beta plasma, and that only small fraction of the total
heat and particle flux penetrates to the private flux region—a
typical situation for the standard divertors. Under the same
assumption, in a SF+ geometry of Figs. 12(d) and 12(f),
only the private flux region is diverted to the additional strike
point.

As mentioned in Ref. 36, the configuration of Fig. 12(c)
may serve as a basis for the divertor with two strike points
for the outer SOL. A much more detailed analysis of this
possibility, involving an optimization of the divertor configu-
ration, was presented in Ref. 86.

If D becomes greater than Ag;,, the heat and particle flux
go to quite different strike-points, 1 for the SF+ and 3 for
the SF—. A broad range of configurations that are controlled
by the remote coils opens up a number of design choices for
divertor configurations. Note that characterizing divertor by
the position of the divertor plate with respect to the second
null may be confusing, especially when multiple divertor
channels are activated.
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FIG. 12. Scrape-off layer for different distances between the two nulls. Left col-
umns corresponds to the SF— (¢ = 1/6); right column corresponds to SF+
(¥ = 571/12). Red lines depict the main separatrix; blue lines, the secondary sep-
aratrix. Bold yellow line shows the SOL boundary (the same flux in all cases).
The minimal distance between the main null and the nearest point at the SOL
boundary in the upper row is 1. The distance D between the nulls in the same
units is 0.2 in the upper row, 1.4 in the middle row, and 2.5 in the lower row.
The numbers in the second row indicate possible strike points in the nomencla-
ture of Fig. 11. In the first case, the difference between the “—" and “+” configu-
rations is negligible. In the second case, the secondary separatrix for the SF—
cuts the SOL roughly “in halves;” the outboard SOL heat flux is shared roughly
equally between two divertor legs, 1 and 3. In the SF+- case, the outer heat flux
still goes only to SP 1 (neglecting a “leakage” to the private flux region). In the
lower row, the difference becomes even more significant: in the SF— case, all
the heat flux goes to SP 3, whereas for the SF+, it goes entirely to SP 1. We
emphasize that this analysis relates to the standard SOL assumptions: small effect
of the plasma on the field structure, plus small leakage to the private flux region.

The SF— field configuration shown in Figs. 12(c) and
12(e) can have an interesting effect on the propagation of the
SOL filaments (“blobs,” Ref. 62): when moving in the
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outward direction, the filament would have to cross the sec-
ondary separatrix and experience a break at the null (Fig.
13). This may be of some significance for the wall erosion
caused by blobs. This effect, however, has not been yet
explored either theoretically or experimentally.

B. Numerical simulations

In our discussion below, we assume that the field is
static and well characterized by the vacuum expansions. This
is typically a setting used in the 2D simulations of the plasma
transport in the codes like UEDGE®** and SOLPS.*
Significant number of numerical studies of the plasma trans-
port in snowflake divertors has been produced.’~>® Most of
them used 2D transport codes and were focused on effects
occurring in the two divertor legs adjacent to the main
separatrix. The features of the snowflake geometry that had
strong effect on the plasma behaviour included the flux
flaring and increased connection length (related to the SOL
volume near the null, see Sec. II B). The neutral behaviour
was an important factor. A general conclusion of these stud-
ies was that, under the comparable conditions, the use of the
snowflake divertor allows one to significantly reduce the
maximum heat flux.

These studies addressed the existing devices, like DIII-
D (Ref. 51), TCV (Ref. 90), and NSTX (Ref. 52), as well as
the planned ones, like NSTX-U (Ref. 55), FAST (Refs. 54
and 56), DEMO (Ref. 57), and CFETR (Ref. 58). In some
cases, the reduction of the heat flux was greater than related
only to flux expansion;' this was attributed to radiation and
change in the neutral penetration to the SOL plasma.’’

Most of these studies covered the steady situations.
Temporal effects occurring during ELMs have been
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FIG. 13. The blob (shown in green) propagating in the outboard direction in
the snowflake-minus configuration, from position 1, to position 2, and fur-
ther to position 3. When passing through the secondary null, it has to split
into two independent structures, A and B. This splitting will affect the fur-
ther propagation of the structure 3A to the wall and structure 3B in the diver-
tor region. For a better visibility, we take a large distance between the two
nulls, but the same effect would occur at a smaller distance as well. Note
that in a full three-dimensional picture the blob looks as a filament winding
around a plasma; we show here a projection of the blob onto poloidal plane.
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simulated in Ref. 53. It was shown that the increased connec-
tion length leads to a temporal “stretching” of the ELM heat
pulse on the divertor target, leading to reduction of the in-
stantaneous heat load and decrease of the temperature
excursion.

As mentioned, these studies were considering the two
outer divertor legs directly connected to the upper SOL and,
therefore, could not assess the “activation” of additional
strike points. The first numerical analysis of a full geometry,
with all the branches of the separatrices included, was per-
formed by Lunt et al.’® The transport coefficients were
adjusted to fit the SOL width for the two outer divertor legs,
and then, with the same transport coefficients, the simulation
was made for the whole domain for the SF+4 geometry. This
important study based on the EMC3-Eirene transport code
was the first one where a real quasi-snowflake divertor
geometry with multiple topologically separated zones has
been performed. The conclusion was reached that the trans-
port coefficients that correctly describe the SOL in the com-
mon flux region are by far insufficient to produce significant
spreading of the plasma and heat flux across the multiple
separatrices. The code strongly underpredicts (by at least an
order of magnitude) the experimentally observed (see Sec.
IV C) amount of heat penetrating to additional strike points.
So, some strong additional mechanisms have to be included
to explain the experimentally observed heat flux spreading.
One candidate is particle drifts that were not included in the
current simulation. We discuss this and other possible candi-
dates for the enhanced transport in Sec. V.

C. Experimental studies of transport and turbulence in
the upper SOL and divertor

The effects of the snowflake divertor configuration on
scrape-off layer transport and turbulence are multifaceted, as
described in Section IV A. In the experiments, directly meas-
ured quantities, e.g., inter-ELM and ELM heat and particle
fluxes and fluctuations, are clearly different in the snowflake
configuration (cf. standard divertor); however, unambiguous
interpretations are often too complicated.

Some measurable effects on fluctuations and blobs have
been observed in TCV L- and H-mode plasmas with
the snowflake-plus configuration using Langmuir probes
(Fig. 14). The frequency of density blobs measured via con-
ditionally sampled probe ion saturation currents on the low
field side midplane was much greater in the standard divertor
configuration, suggesting either a faster parallel convection
or blob suppression by high magnetic shear in the snowflake
configuration mentioned in Sec. II C (see Refs. 64 and 65).

Divertor transport was systematically studied in TCV.
Heat fluxes in all strike points were compared between the
standard and snowflake configurations in both the L-mode
and H-mode (inter-ELM and ELM) discharges. As men-
tioned in Sec. III, the heat flux sharing between two strike-
points connected to the upper SOL by geometrical effect
present in the snowflake-minus configuration may occur in a
“natural way” without participation of any other effects but
the flux surface geometry (see left column in Fig. 12). On
the other hand, the flux sharing between multiple strike
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FIG. 14. (a) Plasma equilibria for the standard divertor (blue) and
snowflake-plus (red) configurations in the TCV tokamak with Langmuir
Probes #1-#3 in the scrape-off layer (see an inset to the right of panel (a)).
Examples of measured Jg, in the standard divertor phase (b) and the
snowflake-plus (c) configurations. Courtesy B. Labit. Reprinted with permis-
sion form Labit er al., in 2010 IAEA Fusion Energy Conference, Daejoen,
Korea (International Atomic Energy Agency, Vienna, 2010), Paper No.
EXC/P8-08.**

points in a snowflake-plus geometry requires some mecha-
nisms for the heat and particle transport across the vacuum
separatrices, see right column in Fig. 12.

To isolate the effect of plasma transport across the sepa-
ratrices, a set of experiments was performed on TCV where
the field structure would be of a snowflake-plus type. The
appearance of heat in the additional strike points (“strike
point activation”) was studied as a function of the distance
between poloidal field nulls, Fig. 15. In L-mode, finite, but
small, heat flux was observed in the additional strike points.
In contrast, heat fluxes during type I ELMs are significantly

Power redistribution

0.5 . : : :
i i -6-L-mode (LP)
! : ® ELM peak (IR)
i LS H H H
.‘:5 \H»- mode: ~40% atc =04

L-mode: ~ 5% at G.= 0.4

1 2 2

1[5 =

G

FIG. 15. Power redistribution in the snowflake-plus divertor configuration in
TCV. The power fraction Psp3/Pspi, a ratio of divertor power measured in
the strike points SP4 and SP1 in Fig. 14 (note the different numbering in the
current figure), as a function of ¢ in both L-mode and at the ELM-peak in
H-mode. Courtesy W. A. J. Vijvers. Reprinted with permission from Vijvers
et al., Nucl. Fusion 54, 023009 (2014). Copyright 2014 International Atomic
Energy Agency.
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shared between multiple strike points: e.g., the particle and
heat fluxes in the primary strike points were substantially
reduced by 50%—75%. Between ELMs, a large reduction, up
to 50%, of heat flux to the primary strike points was also
observed, with a significant fraction going to the secondary
strike points.”>*' This may suggest an enhanced transport
mechanism that carries the heat across the null-region mag-
netic field lines.

In DIII-D, lower peak target temperatures and reduced
heat loads (cf. standard divertor) due to ELMs were meas-
ured in the snowflake configurations. The increased divertor
connection length L. can reduce the target surface tempera-
ture rise AT due to pulsed heat load during an ELM accord-
ing to AT~ (19) "*WgimAwe, Where Wgpy is the ELM
energy, Ay 1S the wetted area, and 14 is the ELM deposition
time which is increased at longer L.. This effect was also
captured in the UEDGE simulations.”> Another possible
mechanism is the fast plasma transport in the low B, region
driven by a variety of mechanisms discussed in Sec. V below
and leading to the ELM heat flux sharing among the addi-
tional strike points. The peak powers were reduced in the
snowflake-minus by up to 50%—70%, and further reduced in
the radiative SF-minus by up to 50% (cf. standard divertor
configurations).

In the NSTX radiative snowflake-minus configuration,
the heat fluxes from Type I ELMs were significantly dissi-
pated from about 20 MW/m? (from an ELM in the standard
divertor phase of the discharge) to 6-8 MW/m? during the
snowflake formation phase and eventually below 2 MW/m?
in the radiative snowflake phase (Fig. 16). Peak target tem-
peratures at peak ELM times, as measured by infrared ther-
mography, reached 1000-1200°C in the standard divertor

primary
separatrix

?Iasma
acing
component
contour

207 "Heat flux (MW/mA2) T ']
I at peak ELM time ]
150 standard divertor (0.354 s) ]
L forming snowflake (0.530 s) -
I forming snowflake (0.674 s) |
10- radiative snowflake (0.899 s) 1
5 4 ]
I j 141240 |
gap

| 1 | 1 |
03 04 05 06 0.7 R(m)
FIG. 16. Divertor heat flux profiles measured by IR thermography at peak
ELM times in NSTX before and during the snowflake-minus formation, as
well as in the radiative snowflake-minus phase. Reprinted with permission
from J. Nucl. Mater. 438, S96 (2013). Copyright 2013 Elsevier.
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and only 300-500 °C in the snowflake phase. During ELMs,
an additional peak in the heat flux (and temperature) profile
at the secondary strike point location (and also where fe.,
and Ly were similar to that of the standard divertor) was evi-
dent. The ELM heat flux profiles were consistent with power
sharing between the primary and secondary strike points.
The standard modelling of the divertor based on the ansatz
of approximately constant cross-field transport coefficients has
been thoroughly studied numerically by Lunt et al.,” see Sec.
IVB. The conclusion was reached that the transport coeffi-
cients that correctly describe the SOL in the common flux
region are by far insufficient to produce significant spreading
of the plasma and heat flux across the multiple separatrices.
So, some strong additional mechanisms have to be included to
explain the experimentally observed heat flux spreading. We
consider them in Section V.

V. POSSIBLE MECHANISMS FOR THE POWER
SHARING

A. E x Bdrifts

The E x B drifts in quasi-static electric fields in SOL
and divertor area have been identified as a factor that may
significantly affect the performance of a standard divertor,
e.g., Refs. 92-94. They could be of significance in the snow-
flake divertor as well. In particular, they may cause the
plasma transport across the plasma separatrices, as empha-

sized by Canal et al.*® The velocity of the electric drift is
B x Vo
VE = CT . (45)

In a 2D problem of a SOL transport, with the toroidal direc-
tion being an ignorable coordinate, the component of the
drift velocity across the flux surface is related to the poloidal
variation of the electrostatic potential

¢ g
~ Bral’
where the subscript “n” means the normal to the flux surface,
and J¢/0l denotes the derivative along the poloidal field.
We have used here an approximation B = \/B% + B3 ~ Br.

Consider possible contribution of this effect on the
plasma penetration to additional strike points for the SF+ ge-
ometry (Fig. 12, right column). The time that a parcel of
plasma spends to travel the distance d/ in the poloidal direc-
tion is

(46)

VEn

dt = (BT/BP)dl/VH. 47)

Within this time, a parcel moves from one flux surface to
another, with a poloidal field flux different from the initial
one by

d® = 2nRB,vp,dt = 2nRBr(Ve,/v))d!
= 2nRc(0¢/0l)(dl/v)) (48)
(® in this section is the flux between two poloidal flux surfa-

ces over the whole toroidal circumference; it should not be
confused with the flux @ per unit length in the toroidal
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direction, cf. Sec. II B). If the divertor is in the attached re-
gime, the parallel flow velocity does not change significantly
and is on the order of the sound speed c;. The major radius in
the divertor zone also does not change much. Then, one can
integrate Eq. (46) from point a to point b in the poloidal
cross-section to find that the drift has caused a shift of the
parcel by

3@ ~ 2nRc(8¢) /5. (49)

This is quite a universal result, applicable to both standard
and snowflake divetor. Assuming that e(d¢),, is a fraction o
of the electron temperature e(o¢),,, ~ oT,, we find that

acT,

oD ~ 27R . (50)
ecy

The coefficient o depends on the details of the model.
Expression (50) has to be compared to the magnetic flux
enclosed between the two separatrices defined by Eq. (39).
Assuming that in Eq. (39), sin¢ ~ 1, K, ~ 1, we find that
significant penetration of the plasma to the secondary separa-
trix (i.e., 6® > ®1,) would occur if

D cT, \'3
—<<oc ‘ ) . 1)
a eBpac

Taking o~ 0.1, one finds that for a typical tokamak SOL
with T, ~ 50 eV, this condition is satisfied if D/a < 0.1.

The penetration through the second separatrix would
not necessarily change the parallel flow velocity. In the
geometry of, say, Fig. 5(i), the plasma may still flow to
the same divertor target even after crossing the second
separatrix. To find an actual partition of the plasma flow
between the strike points needs significantly more detailed
analysis.

One more comment that is appropriate here is that con-
dition v|| ~ ¢y is based on the assumption that poloidal pro-
jection of the parallel velocity is higher than poloidal drift
velocity vgp = c(O¢p/0n)/Br, where O@/On means the
derivative along the normal to the flux surface (cf. Ref. 92).
One has vgp = c(Op/dn)/Br = 2nRB,c(dp/0®)/Br, so
that the ratio of vgp to the poloidal projection of the parallel
velocity, VHB,,/BT, can be presented (for v~ cg) as

21Rc (D) OD)

Cs

. (52)

As the normal potential difference over the SOL is of
order of T,/e along the whole SOL, one sees that this ratio
remains roughly constant over the divertor area, including
the zone of strong flux expansion near the main null. The
flux enclosed by the SOL can be represented as 2nRB),,A,,,
this leading to the following form of the ratio (52):

cT,

~— 53
eBpmAncs (>3)

This ratio is typically of the order of 0.3-0.5, so that the drift
correction to the poloidal flow velocity may be non-
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negligible. For the outer SOL, this velocity adds up with the
parallel flow velocity and leads to some decrease of the drift
effects. For the inner leg, however, this velocity is directed
against the parallel flow and may enhance the effect.** One
has to remember that for the toroidal magnetic field in the
“standard” direction (i.e., for toroidal drift directed down-
ward), the normal component of the drift velocity is directed
away from the separatrix. Therefore, the toroidal magnetic
field reversal may give rise to significant change in the elec-
trostatic convection,*®*

B. Magnetic field stochastization

There have not been any detailed studies of the magnetic
stochasticity for the snowflake divertor, aside for a general
comment in Ref. 95 (see Eqs. (7) and (22) of that reference).
An important difference between the standard divertor and
snowflake or near-snowflake configurations is the presence
of an area of a very weak poloidal magnetic field. Due to a
strong divergence of the ¢ factor (see Sec. II) in the snow-
flake case, the resonances will be tightly spaced, leading to
an easier onset of the stochasticity.”® A consistent analysis of
this problem, especially in a setting with two separate nearby
nulls, is still in the future. Potentially interesting effects may
come from the coupling of the snowflake magnetic field with
deliberately imposed magnetic perturbations, similar to what
is done in standard divertors.”’

C. A “churning mode”

Potentially important mechanism for the plasma spread-
ing between the four strike points has been identified in
Ref. 71 and is related to onset of the 2D (toroidally symmet-
ric) plasma convection near the snowflake poloidal field null,
in the zone where the poloidal field pressure is comparable
to or smaller than the plasma pressure, so that 8, = 8mp /Bi
> 1. To get some insight into the possible consequences of
this situation, assume for a while that the poloidal field is
absent in this zone. The plasma equilibrium condition then
would read

Vp =j, X Br/c, (54)

wherefrom we find that j, = ¢[By x Vp]/B7. Using standard
equations of the vector analysis and noting that By o« 1/R,
V x By =0, we get

. c Op

V-jp——lﬁa—y. (55)

In the toroidally symmetric case, V -j, = 0, this meaning

that, in any area where there is a vertical plasma gradient

(Op/dy # 0), the plasma equilibrium in a purely toroidal

field is impossible. If the vertical gradient is present, plasma

starts moving and condition V -j, = 0 is recovered via the

onset of acceleration and the corresponding polarisation
currents.

As the plasma pressure in the divertor area experiences

a general variation from higher pressures above the null to

lower pressures below it (in the geometry of Fig. 17), there is
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FIG. 17. The geometry of the system for the case of a snowflake divertor:
(a) the overall configuration; the divertor targets (bold lines) are situated at
the ends of the four outgoing branches of the separatrix; (b) the structure of
the weak poloidal field zone near the null; black arrows indicate the direc-
tion of the plasma flow; dashed red circle encloses the convection zone with
blue dashed arrow indicating the initial direction of rotation; solid red line
inside the confinement zone shows the boundary of a layer inside the separa-
trix affected by convection; in the equatorial plane, this layer becomes quite
narrow, see Eqs. (22) and (23). Reprinted with permission from Ryutov
et al., Ref. 71 Phys. Scr. 89, 088002 (2014). Copyright 2014 The Royal
Swedish Academy of Sciences. Reproduced with permission from IOP
Publishing. Copyright IOP Publishing.

no plasma equilibrium and plasma convection develops.
Note that the presence of the finite radial gradient
(Op/0x # 0) is consistent with the plasma equilibrium. The
radial gradient, if negative (pressure decreases away from
the geometrical axis) can, however, drive plasma instabilities
that we consider in Sec. V D.

The origin of convection is basically the same as in the
usual fluid in the gravity force: Imagine a box filled with a
fluid and heated from one of the side walls (not from the
bottom). The fluid near the wall expands and, driven by
the buoyancy force, starts flowing upward, turning in the
horizontal direction near the top, flowing along the upper
surface, and going down on the opposite (cold) side wall
(baroclinic convection). A convection cell then appears and
is sustained for as long as the temperature difference
between the side walls is maintained.”® In our case, the situa-
tion is quite similar, just turned by 90°: the effective gravity
is directed horizontally, and the fluid is heated from the top.

The poloidal magnetic pressure for the snowflake grows
as the 4th power of the distance from the null and, being neg-
ligibly small in the vicinity of the null, sharply increases at
larger distances and provides a counteraction to the just
described “churning” motion. One can, therefore, expect that
the plasma convection will appear only in some limited area
near the null, whereas at larger distances from the null, a
standard plasma equilibrium will be re-established. The size
of the zone affected by convection was estimated within a
heuristic model of this “churning mode,” where the energy
arguments have been used: the energy release by an expand-
ing plasma parcel moving to a larger major radius is bal-
anced by the increase of the poloidal magnetic field energy
caused by the twisting of this field”' [Note a typo in Eq. (20)
of Ref. 71, where there should be ¢*"*2 instead of d"*?; this
typo does not propagate to further equations.]

The schematic of a churning mode for the snowflake
case is shown in Fig. 18. A similar effect for the standard
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FIG. 18. Evolution of the separatrix entrained by the churning mode. The
coordinates are normalized to d, with the circle having a radius of the unity.
Black straight lines indicate six branches of the unperturbed snowflake sepa-
ratrix. The upper left panel corresponds to the near-axis twist (y) of /4,
upper right panel, to yp=m/2, the lower left panel corresponds to the
upside-down turn g = 7/2, and the lower right panel corresponds to a stron-
ger drive, where a full 27 turn becomes possible. The cross-field transport is
strongly facilitated for the lower two panels due to the significantly short-
ened cross-field scale. Reprinted with permission from Ryutov er al., Phys.
Scr. 89, 088002 (2014). Copyright 2014 The Royal Swedish Academy of
Sciences. Reproduced with permission from IOP Publishing. Copyright IOP
Publishing.

divertor would be much weaker due to higher values of the
poloidal field. In the case of a snowflake, the radius D of the
convective zone vs. midplane poloidal beta, f3,,, was eval-
uated in Ref. 71 (with a corrected numerical coefficient) as

D a\ /3
o 0.81 (ﬁpm ]_3) . (56)

For the generic mid-size tokamak with parameters men-
tioned in Table II, the ratio D/a for a snowflake divertor is
~1/10. For a fusion reactor of ITER scale, the radius D of
the convection zone will be ~20-30 cm. The dependence of
the size of the convection zone on the separation between
two nulls in the case where this separation is comparable to
or greater than the size (56) is still a matter for the future
studies.

D. MHD instabilities and MHD turbulence

Plasma redistribution between the divertor legs can also
be caused by curvature-driven MHD instabilities, in the case
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FIG. 19. Assuming that the SOL plasma does not penetrate to the private
flux region diffusively, one finds that, for the snowflake orientation shown in
this figure, the lower boundary is unstable with respect to toroidally symmet-
ric flute-like perturbations that should cause a plasma penetration to zones
IIT and V. Note that this figure depicts the inward tilt of the snowflake con-
figuration, whereas Fig. 4 corresponds to the outboard tilt, and conceptual
Figure 17 to no tilt at all.

where the pressure decreases toward weaker toroidal field.
This mechanism is illustrated by Fig. 19 (Ref. 99). Assume
that initially plasma is present only in the common flux
region of the SOL. Then, the interfaces of the SOL with
zones III and V for the snowflake oriented as shown in this
figure may become unstable (as shown by the ripple on the
interfaces). In order not to perturb the strong toroidal mag-
netic field, the perturbations have to be toroidally symmetric
or nearly toroidally symmetric. If present, these modes have
high growth rate and may lead to spreading of the plasma in
the direction of the arrows shown in Fig. 19.

The first group of modes that can be called a flute mode
with respect to toroidal magnetic field has been considered in
Ref. 70(a). These modes do not perturb toroidal magnetic field
but may perturb the weak poloidal field. To make the perturba-
tion of the poloidal field minimal, these modes favour small
poloidal mode numbers and may be sensitive to the boundary
conditions on the target plates. In the analysis of Ref. 70(a),
the perfect line-tying conditions have been imposed, this lead-
ing to a relatively high instability threshold. A conclusion was
drawn that these modes can develop during the ELM events,
when the plasma pressure in the SOL increases significantly.
Accounting for the presence of the sheaths may lead to a
relaxed line-tying and reduction of the threshold. In the same
direction would act possible detachment.

Ballooning modes have been considered in Ref. 70(b),
with the similar conclusion regarding the threshold.

TABLE II. Parameters of a generic mid-size tokamak used in the numerical estimates.”

Parameter ~ Major radius Minor radius Toroidal field  Midplane poloidal field (PF) Plasma dens. in conv. zone Plasma temp. in conv. zone
Notation R, cm A, cm B, T By, T n, cm ™ T,eV
Value 150 60 2 0.25 10" 50

“Reprinted with permission from Ryutov et al., Ref. 71 Phys. Scr. 89, 088002 (2014). Copyright 2014 The Royal Swedish Academy of Sciences. Reproduced

with permission from IOP Publishing. Copyright IOP Publishing.
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Magnetic shear may lead to a stabilizing effect.”*® All this
area needs more detailed study. In particular, neither analyti-
cal nor numerical studies of the developed stages of these
instabilities are available at present.

The mechanisms of the heat flux sharing identified
above are dependent on the details of the geometry: in partic-
ular, the pressure-driven convection of Sec. VC and the
MHD turbulence of Sec. VD are sensitive to the orientation
of the separatrix branches with respect to the geometrical
axis. So, their manifestations may be different for the facili-
ties with similar plasma parameters but with different orien-
tation of the flux surfaces. Another set of effects not yet
considered in any detail is the possible role of the non-MHD
physics.

VI. PROMPT ION LOSSES AND NEOCLASSICAL ION
ORBITS

Continuing discussion of the plasma physics effects
impacted by the snowflake, we dwell now on the ion orbit
effects. To be specific, we consider the situation where the
ion magnetic drift is directed downward in the geometry of
Fig. 1. In this case, there exists a mechanism for prompt
(single-orbit) ion losses from the vicinity of the separatrix.
This mechanism has been identified for the standard diver-
tors in Refs. 67 and 68 and then assessed for the snowflake
divertor in Ref. 66. It mostly affects poloidally trapped ions
with the turning points near the divertor null. In the course of
their motion along the field line from the outer midplane to
the inner midplane, the ions encounter a growing toroidal
magnetic field that scales as 1/R, with R being a distance to
the geometrical axis. As the magnetic moment of the ions is
conserved, those of them that have a pitch-angle correspond-
ing to their reflection near the divertor PF null, spend a very
long time in the vicinity of the reflection point. This effect
occurs in the standard divertor as well but manifests itself
much stronger in the snowflake, since the poloidal field is
very low here, and poloidal projection of the particle velocity
turns virtually zero. Then, for the ion drift velocity directed
downward, the ion will escape the confinement zone and
eventually hit the divertor target.

In order to be lost by this channel, the ion has to start near
the separatrix. The affected zone is larger for the snowflake
divertor than for the standard one. Figure 20 shows the charac-
teristic particle trajectories for the snowflake. Depending on
their initial starting point and pitch angle, the ions may end
up in any of the four strike points. For the green trajectory in
Fig. 20, the particle will leave along the leftmost branch of the
separatrix, whereas the red trajectory corresponds to the parti-
cle lost along the lower right branch. This effect may contrib-
ute to the appearance of some heat and particle flux on those
branches of the separatrix that are not connected with SOL,
when the configuration is near an exact snowflake.

A more quantitative analysis is based on the drift equa-
tion of motion for the ions near the poloidal field null. The
parallel ion velocity is determined by the conservation of the
ion energy W and magnetic moment. We consider the ions
moving near the separatrix and are interested in the ions
whose parallel motion has a turning point not far from the
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FIG. 20. Characteristic particle trajectories for the ions with the turning
points near the snowflake null. Reprinted with permission from Phys.
Plasmas 17, 014501 (2010). Copyright 2010 AIP Publishing LLC.

null-point. Denoting the x-coordinate of the turning point by
x*, one can write the following expression for the parallel
velocity in terms of the particle energy W:

_ 2w Jx—x*
VH = + m R (57)

where we assume that x* < R. The sign “minus” (“plus”)
corresponds to the particle moving to the left (to the right).
We assume that the ion gyroradius is small compared to other
spatial scales and use zero gyro-radius drift approximation.
The ion drift is determined by the curvature and gradB
drifts (for now we neglect the possible presence of the elec-
tric field). The analysis is significantly simplified by the fact
that the ion parallel velocity not far from the turning point is
much smaller than the ion perpendicular velocity. This allows
us to neglect the curvature drift compared to the gradB drift,
thereby yielding very simple equations of motion
V| 8(1)_ v 00 ¢ W

“BROy T BRox erB Y

This system can be reduced to the following full differ-
ential form:

90 o+ 9% ) = ao = < wax, (59)
dy Ox ev

Using Eq. (57), one can integrate Eq. (59) to produce the ion
trajectory,

Dl ic\/2m,<W X — x*
R A

= const. (60)

Note that in this derivation we have not made any specific
assumptions regarding the flux function ®. In other words,
Eq. (60) is applicable both for the snowflake and standard
geometry. For the electrons, this mechanism is inefficient:
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due to their small mass, the second term in Lh.s. of Eq. (60)
can be neglected, signifying that the electrons follow the flux
surfaces.

In the case of an exact snowflake, with @ defined by
Eq. (25), the characteristic spatial scale of the zone affected
by the prompt loss is

(prompr) & 2/5
A rompt) al = 7 (61)
SF <K2>

with

& (62)

Cy/ 2m,'W; \/E
R

aBpMe

By the order of magnitude, ¢ is a poloidal ion gyroradius in
the midplane, divided by a and multiplied by the square
root of the inverse aspect ratio. Typical value for ¢ in the
existing tokamaks for the W; identified with the ion
temperature  ~100eV is ~0.01, so that AP /4
~ (0.1 —0.12)a. When projected to the outer midplane, the
width of the affected zone is N(Aé’}mm’")f/az ~aed, ie.,
on the order of 1-2 mm.

For the standard divertor described by Egs. (9) and (10),
one finds

A(prompt) & 2/3 6
~al— . 3
b ~a(g) ©3)

The affected layer is much narrower than for the snowflake,
both near the null and when projected to the midplane.

In the previous discussion around Equation (61), we
considered the model where the magnetic field is exactly the
field of a snowflake. This model remains valid if the distance
between the nulls is smaller than the size of the affected area
determined by Eq. (61),

D < Ag;:()mpr). (64)

This is a condition where the prompt losses “do not notice”
the difference between the snowflake and quasi-snowflake.

Consider now the prompt loss under condition where the
distance D is greater than that defined by Eq. (64). Until D is
small compared to the minor radius, a quasi-snowflake
description of the magnetic field, Eq. (10), will be valid, but
the field near the main null will now depend linearly on the
distance; i.e., in order to evaluate the affected zone, one has
to use Eq. (63). However, instead of the order-one coefficient
K;, one would have to use a coefficient K;D/a < 1.
Equation (63) then shows that the zone of the prompt loss
will be affected by the presence of the second null and will
have a size

N 2/3
A(prompt) ~ i . 65
“<K2 5 (65)
For D ~ Aémem” " Eq. (65) would yield the same value for
the affected zone as Eq. (61). For increasing D, the size of

the effected zone will decrease and eventually, at D ~ a, will
become the same as for the standard divertor, Eq. (63). This
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example shows that the “conversation” between the two
nulls continues until their separation becomes of order a.

Another geometrical aspect of the problem is the tilt of
the whole configuration with respect to the vertical axis. In
our analysis, we assumed that the asymptotes of the main
separatrix are symmetric with respect to the device geomet-
ric axis. For real devices, this may not be the case and,
although a qualitative estimates will remain the same, specif-
ics of the trajectories and the distribution of the lost ions
between the strike points may change. This interesting prob-
lem may help in the experimental identification of the
prompt losses. These effects have not been studied experi-
mentally but may potentially play a significant role in defin-
ing a structure of both pedestal and SOL.

The same basic effect modifies the neoclassical trajecto-
ries even of those ions in the vicinity of the separatrix that
do not experience prompt loss. There exist a host of yet to be
solved theory problems regarding potential effect on the
transport near the separatrix and the SOL structure, especially
if the models of the type proposed in Ref. 100 are applicable.

In terms of the energy sink by prompt ion loss, this is a
small effect, because these ions occupy a small part of the
velocity space, the part corresponding to the location of the
turning points near the divertor null, i.e., to a narrow range
of equatorial pitch angles. On the other hand, this ion loss
channel is expressly nonquasineutral. Obviously, the quasi-
neutrality will be maintained by formation of the electric
field that would keep the ion and electron losses equal—a
concept already discussed in the context of the standard di-
vertor (Refs. 67 and 68). A complete study of this problem is
a task for the future work. The electric field, in turn, will
determine the velocity shear in the pedestal and thereby may
affect the stability of the pedestal. This observation brings us
naturally to Section VII, where experimental results related
to the effect of the snowflake geometry on the pedestal and
core are summarised.

VIl. IMPACT OF SECOND NULL ON CORE AND
PEDESTAL

The superposition of several conjectured effects dis-
cussed in Sec. II-IV can create a pretty complex pedestal
picture, with a subtle interplay of magnetic shear, velocity
shear, and edge neoclassical effects.

The presence of the second poloidal field null in the
vicinity of the separatrix leads to the increased edge flux-sur-
face-averaged safety factor ¢ and magnetic shear. Increased
magnetic shear inside the separatrix can in turn affect the
edge turbulence and H-mode confinement. For example, in
conventional and spherical tokamaks, the L-H power thresh-
old is significantly lower in a double null configuration
(where the second upper X-point is on the same flux surface
as the lower one). The higher flux-surface-averaged mag-
netic shear just inside the separatrix predicted for the SF con-
figuration can also lead to stronger stabilization of ideal
current-driven peeling modes and pressure-driven ballooning
MHD modes. A noticeable increase of the ideal stability
threshold was found in Refs. 59 and 60 (see more detail
below, Fig. 21). However, a computational study®' of a
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FIG. 21. Effect of snowflake divertor configurations on core and pedestal plasmas and ELMs in TCV and NSTX. (a) TCV time traces (Cf. F Piras, Ref. 101):
H, edge emission; volume averaged electron plasma temperature; line averaged electron plasma density; Ohmic power (red solid line), ECH-X2 power (black
dashed line), ECH-X3 power (red dashed line), and total ECH power (black solid line). (b) TCV radial plasma profiles (top two panels): Electron temperature
and density pedestal profiles for the standard and snowflake. configurations (solid lines) together with the Thomson scattering measurements (dots). Thin lines
represent the q = 3 profile (top panel) and the magnetic shear s =3 (middle panel). Stability diagrams (bottom panel) of the standard and snowflake configura-
tions. The collisional bootstrap current is represented by dashed lines together with the experimental points for both configurations (squares). Courtesy F.
Piras. Reprinted with permission from Phys. Rev. Lett. 105, 155003 (2010). Copyright 2010 American Physical Society. (c) NSTX time traces of core and
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Normalized /N; Core plasma stored energy W,.; and lower divertor total D, intensity. Reprinted with permission from Phys. Plasmas 19, 082504 (2014).

Copyright 2012 AIP Publishing LLC.

linear peeling-ballooning mode stability in the standard and
snowflake-plus divertor configurations showed that the effect
on stability was opposite (albeit weak). An explanation sug-
gested in Ref. 61 was related to the mode structure in the
standard divertor: the drive and the mode were localized
near the outer mid-plane, and the shear in the mid-plane area
was sufficiently strong to completely damp the mode on the
way to the null. As the mode in the vicinity of the null was
essentially absent, introducing a stronger shear near the null
had only minor effect on the mode. On the other hand, some
changes of the overall configuration between two cases gave
rise to a weaker stability of the snowflake, i.e., the mid-plane
magnetic shear was important. One can also phrase this conclu-
sion in a somewhat different way: while the high-n peeling-bal-
looning mode growth rate was suppressed in the null-region of
the snowflake divertor (cf. standard divertor), it was higher in
the mid-plane where local magnetic shear was actually lower.
In the experiment, pedestal modification due to the
snowflake configuration was observed in the TCV, NSTX,
and DIII-D, as discussed below. Although details varied,
there was also quite robust common feature in all three devi-
ces: unaffected stored plasma energy and core confinement.
In TCV,'"'%% H-mode threshold was systematically stud-
ied by varying the ECH power in the range of 0.25-1.5 MW in
otherwise similar discharges having the standard divertor and
snowflake-plus configurations. The L-H transition threshold
was found to be similar in both cases over the density range
3-7x 10" m™>. Modest confinement improvement, up to
15%, was observed in the snowflake-plus phase, however, pos-
sibly also due to increased core shaping. The snowflake-plus
configuration in TCV had a profound effect on the pedestal

stability. The frequency of Type I ELMs decreased by
50%—-80% at the transition from the standard divertor to the
snowflake configuration, while the energy loss per ELM
increased only by 20%—30%, apparently consistent with Ref.
60. The snowflake-plus phase of the H-mode discharge there-
fore indicated improved performance with reduced energy lost
through the ELM channel. Pedestal MHD stability calculations
indicated that the stability operating point in both the standard
divertor and the snowflake-plus was close to the kink-
ballooning stability boundary, and the snowflake-plus config-
uration was consistent with improved kink-ballooning
stability.**'°! Additional calculations of stability sensitivity
to variations in pedestal pressure gradient and edge shaping
revealed that the edge stability of the snowflake configura-
tions is enhanced. However, the shaping (increased triangu-
larity) also contributes to the enhanced stability of the edge
kink-ballooning modes. In these studies, free boundary snow-
flake equilibria and experiment-like pedestal pressure profiles
were used.®

In NSTX,**" core plasma parameters (e.g., n., central
T.~ 1keV, fn~4.5) were similar in the standard and snow-
flake divertor H-mode discharges. Similar high performance
metrics of these discharges, e.g., 71g~50-60ms,
Wunp ~ 200-250kJ (the total plasma stored energy as
evaluated by EFIT magnetic reconstruction code), and the H-
mode confinement enhancement factor H98(y,2) ~ 1 calcu-
lated using the TRANSP code, were inferred in both divertor
configurations. The snowflake divertor phase had a profound
effect on plasma impurity content: the total carbon inventory
was reduced by 50%-70%. The observed reduction was
attributed to the reduction of carbon physical sputtering
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fluxes in the partially detached snowflake divertor (due to
very low divertor T,), and to the particle expulsion effect
from ELMs that reappeared in the snowflake phase. The tran-
sition to the snowflake configuration led to a clear and repro-
ducible destabilization of the ELMs. These large ELMs were
classified as Type I, with somewhat irregular frequency of
f=12-35Hz and AW yp/Wwmnp in the range of 5%—10%.
In DII-D,’® both the magnetic shear and o5 were
systematically increased by 10%—30% in the snowflake config-
uration. Edge plasma profiles were similar with and without
the snowflake. Pedestal top plasma parameters varied within
5%-15%: with the snowflake configuration, T.”® slightly
reduced, n."°¢ slightly increased, and p.*! remained nearly
constant. Changes in the magnetic shear and weak changes in
pedestal pressure gradient were apparently insufficient to sig-
nificantly affect the peeling-ballooning mode stability, as only
small increases in ELM frequency (<10%-20%) were
detected. The pedestal energy Wy.q was nearly unaffected at
lower n.. The pedestal stored energy loss per ELM AWg;
was reduced in discharges with the snowflake configurations.
In some discharges, the effect was strong and AW\ was
reduced by up to 50%. More typically, however, the reduction
was in the range of ~10%—20%.

VIil. RADIATIVE SNOWFLAKE DIVERTOR

Future divertor power exhaust solutions are likely to
involve radiative detachment for increased volumetric power
and momentum losses and reduced material erosion. From
the divertor geometry arguments, the snowflake divertor has
the potential to increase divertor radiated power losses via
longer connection length that leads to lower divertor T, and
greater flux tube volume, and larger divertor physical volume
due to the expanded flux tubes. Transport and drift effects,
e.g., increased radial transport and modification in the paral-
lel impurity transport, can also play a role. The tokamak
snowflake experiments used D, and impurity seeding in ini-
tial studies of impurity radiation distribution and detachment
in the snowflake divertor.

In NSTX,SZ’79 a remarkable effect was observed even in
the absence of additional gas seeding: the snowflake-minus
configuration led to the onset of partial detachment, other-
wise inaccessible at the same upstream parameters in the
standard divertor configuration. The partial detachment was
characterized by the loss of electron pressure along the flux
tube (estimated as n,T, from the measurements upstream and
in the divertor), increased carbon radiated power, and a sig-
nificant increase of volumetric recombination. The divertor
peak heat flux was also reduced by up to 80%. This was
thought to be a combined effect of the flux expansion on
deposited heat flux, the increased power loss in the radiative
divertor, and possible sharing of power between all snow-
flake strike points.

In DIII-D, radiative
performed in two settings.

Experiments performed in lower snowflake-minus or -plus
configurations with D5 seeding’® showed that (cf. standard di-
vertor), Fig. 22: (1), both the radiative snowflake-minus and
snowflake-plus were compatible with the H-mode albeit with

snowflake experiments were
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rations. Radiated power density distribution during a transition to the radia-
tive divertor in the standard (c) and snowflake-minus configurations (d).
Reprinted with permission from Soukhanovskii et al., J. Nucl. Mater. 463,
1191 (2014). Copyright 2014 Elsevier.

confinement degradation with respect to a standard radiative
divertor H-mode discharge with a similar (within 10%) core
density; (2) the reduction of inter-ELM divertor heat fluxes
was stronger in the snowflake configurations, leading to nearly
complete power detachment at Psop, ~ 34 MW (Fig. 22); (3)
carbon and deuterium emissions were more broadly distributed
in the snowflake configurations, including the additional diver-
tor legs, at divertor radiation fraction f,,q~ 0.5-0.7 X Psor
and otherwise similar edge and core parameters.

Experiments were also performed in a configuration
with the upper single null and lower snowflake-minus with
B-grad B directed toward the upper divertor and neon and
D, seeding'® in an attempt to combine the radiative snow-
flake configuration with a high-performance advanced toka-
mak H-mode scenario. While the peak heat flux reduction
was about 50% stronger in the radiative snowflake than in
the standard radiative divertor with comparable core confine-
ment (e.g., HI8(y,2) ~ 1.30, fin~2.9), neon accumulation
was 30%—40% higher in the radiative snowflake case. As
cryopumping was used for neon inventory control, the need
for better understanding of compatibility of cryopumping
with high-flux expansion was concluded.

Neon seeding was used in TCV ohmic experiments to
study radiated power distribution in the standard and
snowflake-plus configurations.'™ A modest increase in
divertor radiation was observed in the snowflake. The radiated
fraction of the exhaust power was limited by the onset of a
long-wavelength MHD instability making it difficult to com-
pare threshold density of the divertor leg detachment onset and
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radiative limits of the snowflake. Studies with D, seeding dem-
onstrated the opposite effect: total radiated power was system-
atically slightly higher in the standard divertor configuration.

IX. SNOWFLAKES FOR FUTURE FACILITIES
A. Poloidal field coils

In future reactor-scale tokamaks, it is highly desirable to
place the PF coils outside the toroidal field (TF) coils. This
requirement sets the limit on how close can the PF coils be
placed with respect to the divertor. Due to larger distances to
the coils, the coil current required to create the magnetic
field sufficient to neutralize the field of the plasma current at
a given point inside the vessel becomes significant, thereby
imposing constraints on the coil design. Both current-
carrying capability and mechanical forces acting on the coils
have to be considered. This problem has been studied for the
standard divertor for ITER-scale devices, with a favourable
conclusion,®” but it has to be re-assessed for the divertors
using more complex field structures, like a snowflake.

For the snowflake divertors, the problem of PF coil sys-
tem in reactor-scale facilities has been addressed in Refs. 72
and 105, also with a favourable conclusion. General proce-
dures for optimizing the coil positions for a desired plasma
shape have been discussed in Ref. 72. The main point here is
that one has to use the number of coils comparable to that of
ITER or by a few more and, more importantly, optimize both
the placement of the coils and current distribution between
them.”” By increasing the number of poloidal field coils and
optimizing their positions, a significant performance
improvement in terms of the current-carrying capacity has
been reached. This optimisation procedure has proven its
efficiency when applied to the existing devices: in Ref. 83,
the optimization of the current distribution in the existing
coil set in the TCV tokamak has led to the possibility to
operate at the plasma current 20% higher than for the un-
optimized currents.

Phys. Plasmas 22, 110901 (2015)

Fig. 23(a) shows the coil system developed for the
DEMO reactor,”* and Fig. 23(b) shows a coil system devel-
oped for CFETR; a clearly recognizable SF+ magnetic field
structure is visible. Feasibility of a quasi-snowflakes on a
superconducting tokamak EAST was demonstrated in Ref.
81, albeit at a relatively low plasma current. More work is
needed to assess the limitations set by the mechanical forces
on the coils.

Most challenging is creation of the double-null
(up-down symmetric) snowflake.'”® Two divertors use up a
significant fraction of the volume inside the TF coils. In
addition, the field of a lower set of the divertor coils adds to
the plasma field in the location of the upper null and thereby
forces one to increase the current in the upper set of the coils
(and vice versa), leading to the need of excessively high cur-
rents in the PF coils.

In a recent study of a super-X divertor for reactor-scale
facilities,'”” a couple of PF coils were placed inside TF coils
(but outside the shield), to get a better control of the field
structure. Properly modified, this approach could possibly be
used also to create a SF configuration.

The available designs of the divertor hardware'%® rely on
the use of only two “upper” divertor legs, thus making the
overall shape of the divertor hardware somewhat similar to
that used in the standard divertor. The features of the snow-
flake used in this design include the stronger flux flaring and
higher connection length (cf. Ref. 58). The general
conclusion of numerical simulations of these configurations
mentioned at the end of Sec. IV A is that the heat load can
be reduced by a factor of 2-3 compared to the standard
divertor.

Snowflake configuration can potentially be produced in
the divertor section of a proposed facility ADX,”* where a
large number of divertor coils provide great flexibility in
studying various divertor configurations. The snowflake may
be of some interest as it would produce a large quasi-
isotropic flux expansion in the divertor chamber.
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FIG. 23. Poloidal field coil structure
for future fusion facilities: (a) A
DEMO reactor coil structure for a 15-
coil PF system; the lightly marked coils
are in non-optimum positions used as a
first iteration, whereas bright squares
show the final positions. Courtesy R.
Albanese er al.”* Reproduced with per-
mission from Albanese et al., Plasma
Phys. Controlled Fusion 56, 035008
(2014). Copyright IOP Publishing. (b)
CFETR experimental reactor. This di-
vertor structure utilizes two upper di-
vertor legs of a SF4 configuration.
Courtesy Z. Luo et al. Reprinted with
permission from Luo et al., IEEE
Trans. Plasma Sci. 42, 1021 (2014).
Copyright 2014 IEEE, Ref. 105.
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Characteristic dimensions and plasma
parameters:

* R=5m,a=2m

Total power to be dissipated in the
divertor: 200 MW

Radius of a convective zone around
the null: 30cm

Power load on the outer surfaces of
green “domes”: 2 MW/m’, mostly
radiation from recombination fronts

Phys. Plasmas 22, 110901 (2015)

FIG. 24. A cartoon illustrating a con-
cept of a radiative SF divertor for
fusion reactors. The area between the
target and radiative-recobination zone
is filled with a weakly ionized plasma.

(pink)

Flux surfaces
tangent to the

Power load on the wetted areas
(magenta): 2 MW/m’, surface
heating by the residual heat flux and

edge of the Radiation- radiation
Convection zone [ombination % * Convection zone is impermeable for
\ neutral atoms

B. Radiatively detached snowflakes for reactors?

There are no comprehensive design studies of the possi-
ble structure of the snowflake divertors utilizing flux sharing
between all divertor legs. If further experiments demonstrate
scalability of this effect to larger, reactor-scale devices, then
one could attempt to utilize it in the divertor design. A possi-
ble approach was suggested in Ref. 109 and is briefly
outlined below. We emphasize that the whole concept is still
hypothetical, not supported by detailed numerical simula-
tions or dedicated experiments. Still, as it may eventually
lead to breakthroughs in the divertor development, we take a
risk to discuss it below. The numerical values of the plasma
parameters provided below are notional.

The overall divertor structure is shown in a cartoon
form in Fig. 24. The zone around the null is filled with a
plasma appearing there via one of the anomalous transport
mechanisms mentioned in Sec. V. To be specific, we
assume that this mechanism is a convective transport (cf.
Fig. 17(b) above). Inside the convective zone, the tempera-
ture and density are similar to those at the last-closed flux
surface. We assume the values of T,=50—100eV and
ne:(1—3)1013cm73. For the size of the zone of 30 cm, it
would be impermeable to the neutrals born at the interface
of this zone with a colder divertor plasma (cf. Ref. 11 for
the atomic cross-sections). In other words, the core plasma
is shielded from the influx of neutrals from the divertor
region, this protecting it from an uncontrolled density
growth in the null-point region.

The outer boundary of the convection zone is deter-
mined by the rapid growth of the poloidal magnetic field at
some distance from the null. The convection ceases to exist
there, and the plasma continues its flow away from the con-
vection zone along the four divertor channels in a regular
way similar to that of the standard divertor. The most plausi-
ble location of the radiation-recombination zone is in the
area of this transition, where the plasma temperature has
already dropped. The front cannot expand towards the null
because of the aforementioned impermeability of the con-
vection zone to the neutrals.

One can expect that the plasma is fully detached from
the divertor targets, due to a very large wetted area and

associated heat flux reduction: the plasma flow to the diver-
tor legs is significantly widened by the plasma convection,
and there are four active strike points. On the other hand, as
mentioned, the neutrals are shielded from the core plasma by
the plasma of the convective zone (not by convergence of
the magnetic flux, as discussed in Ref. 110). Clearly, this dis-
cussion is not based on a consistent quantitative analysis and
is therefore hypothetical. Still, it identifies interesting possi-
bilities and may lead to development of more comprehensive
models.

The targets are situated in the area of a significantly
re-compressed poloidal field, where the field structure looks
like that of the “perfect” snowflake. The targets are tilted
with respect to the poloidal field vector (by ~30° for the
structure shown in Fig. 24). The tilt here is limited by the
same engineering constraints as in the standard divertor: the
angle of the total field vector cannot be too shallow with
respect to the target surface. Large volumes available for the
neutral handling are protected by the domes (green structures
in Fig. 24); the outer surfaces of the domes receive radiation
flux from the convective zones as well as from recombina-
tion zones.

The presence of the convective zone leads to smoothing
of the plasma pressure profile in the pedestal region. This
may be a favourable factor in controlling the ELMs. Note
that in the experiments where a power sharing between the
divertor legs was observed (Secs. IV and V), it was not
accompanied by any significant confinement degradation.
Note that there is no need to have an “exact” snowflake for
this concept to work: what is necessary is that the distance
between the two nulls be smaller than the size of the convec-
tion zone; for the radius of the convection zone D ~0.la
(Eq. (56) for f,, ~ 1/200), this is a task that seems to be
manageable, given that the values of D/a~ 0.1 have been
routinely created on the existing experimental facilities.

Note that the convection driven by the pressure gradient
is just one of several mechanisms that may lead to the heat
flux spreading near the divertor null. Other effects may also
lead to the same outcome: the E x B convection, the balloon-
ing modes, and magnetic field stochastization in the area of
the low poloidal field; these effects may have different from
Eq. (56) scaling.
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Assuming that the divertor has to handle a power of
200 MW, and for the other parameters as indicated in Fig. 24,
one can create the situation where the heat flux on the material
surfaces of the domes and target plates will not exceed a few
MW/m?. This design allows deploying several targets in the
same divertor volume, thereby leading to a much more com-
pact divertor. Again, at present, this is still a hypothesis.

C. SF divertor in the absence of convective heat flux
sharing

If the plasma or field parameters are such that there is no
significant convection near the main null, one can still
exploit the features of the snowflake divertor to generate
more than two strike points, as mentioned in Ref. 36 and dis-
cussed in Sec. IV. To do that, one has to create a snowflake-
minus configuration with the second null lying within the
scrape-off layer, Then, the flux in the outer SOL will be split
between two divertor legs, thereby leading to the formation
of an extra strike point. The first consistent analysis of this
possibility has been recently made by Lunt ez al.%® who have
used EMC3-Eirene code to assess a complex field structure
of this configuration. They have found that significant
improvement with respect to the standard divertor is possible
for similar plasmas. One can speculate that additional, even
modest, convective spreading caused by a low value of
d|B,|/dr near the main null may lead to quite an attractive
design (for TCV, some increased transport is observed for
the parameter o, Eq. (42), of order 0.2, Ref. 75).

D. Other two-null divertors

There is a special two-null configuration®® that was

called “a tripod” in Ref. 73, Figs. 5(f) and 5(k) of our paper.
If the distance D between these two nulls is small, then the
effect of this configuration on the scrape-off layer and
plasma convection would be indistinguishable from those of
an exact snowflake. Consider, however, the situation where
D exceeds the distance for which these effects take place
(Secs. III B and V) but still satisfies a condition D < a. For
such distances, the two tripod nulls do affect each other in
that the field flatness in both nulls is the same and scales line-
arly with D. For D < a, derivatives d|B,|/dr in both nulls are
smaller than a “natural” value for an isolated first-order null.
This circumstance can be used in the arrangement leading to
Pitts’ divertor’® or X-point target divertor.”*

X. SUMMARY

The snowflake divertor is based on the magnetic config-
uration with two nearby first-order nulls that appear if the
field possesses certain smoothness properties. When the nulls
merge, one gets a single second-order null that generates a
separatrix with six “rays” going out from the null and remi-
niscent, symmetry-wise, of a snowflake. When the second-
order null splits into two nearby nulls, the asymptotes to the
separatrix still maintain this six-fold symmetry.

Since the first publications on the snowflake diver-
tor,34—36 the analyses of the divertor field were made for the
practically important case of the divertor coils situated far
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away from the divertor. In this case, the aforementioned field
smoothness appears automatically. The flux function and the
poloidal field in the divertor zones are then universal smooth
functions of coordinates and can be presented as simple
polynomial expansions (two-null representation). The pres-
ence of this expansion is a consequence of the underlying
properties of the smooth magnetic field. Remarkably, one
can control a broad variety of these two-null configurations
by changing currents in the remote coils—this provides sig-
nificant flexibility in selecting a configuration best suitable
for a particular device.

The physics of the snowflake divertor is strongly
affected by the “conversation” between the two nulls that
shows up, in particular, in the effect of one null on the mag-
netic field “flatness” at the other null and on the overall
shape of the separatrices. The “flatness” characterizes the
flux expansion near each null, whereas the overall shape
determines the way by which magnetic structure interacts
with the core plasma and the divertor targets.

The snowflake divertor has been realized and studied on
several tokamaks. A number of interesting effects has been
discovered: they are partially described in this article. An im-
portant effect that may lead to a very attractive divertor
design is the heat flux sharing between multiple strike points.

In addition to being a contender for developing a work-
able divertor for future fusion facilities, it brings up also a
set of interesting physics questions related to our understand-
ing of the plasma transport for complex magnetic topology.
A great flexibility of the snowflake-based magnetic configu-
rations controlled by remote coils creates a platform for a
deeper understanding of the divertor physics, a “laboratory
for the divertor physics.”
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APPENDIX A: TOROIDICITY EFFECT IN THE
TWO-NULL REPRESENTATION

The analysis of the geometrical features of the snow-
flake magnetic field in Secs. II and III was based on the
approximation of the “planar” field, where the field has x and
y components in the Cartesian coordinates x and y
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B.x :Bx(xay); By = By(x7y) : (Al)

This approximation does not account for the toroidicity
effects that enter the problem via the terms of order of x/R
and y/R,, with R, being a major radius corresponding to the
origin of the Cartesian coordinates.

To address this issue explicitly, we introduce cylindrical
coordinates (R, 9, y) with R being a distance of an observa-
tion point to the geometrical axis. Note that, instead of the
standard notation “z” for the axial coordinate, we use nota-
tion “y,” to avoid confusion with the complex variable z
used throughout this paper. We then introduce coordinate x
according to: R=R(+x, so that we can establish a direct
correspondence to the notation (x, y) used in the rest of this
paper (Fig. 1).

The poloidal field with toroidal symmetry can be pre-
sented as a curl of the toroidal component of the vector poten-
tial Ay. Instead of Ay, it is more convenient to use a function

R X
D= Ay=(1+2)4,. A2
R A < +Ro> 9 (A2)

The magnetic field is expressed as

1 00 1 00

B N (A3)
14— 14— 0%
R + R

B, =

The function ® is a flux function, with the iso-contours
®(x,y) = const of this function determining the flux surfaces
in the x,y plane. This statement now is not based on the
assumption of the zero toroidicity, 1/R — 0.

The condition V x B, = 0 reads as 9Bg/0y — 0B, /OR
= 0B, /0y — 0B, /0x = 0 (we have used relations R =R, +x
and Bg = B,); together with Eq. (A3), this yields

2 2
FO PO 1 o0 _ "
Ox2  9y* Ro+x0Ox

Egs. (A3) and (A4) become identical to Egs. (2) and (5)
in the limit of a small toroidal curvature.

Consider now corrections to the flux function (and,
thereby, to the shape of flux surfaces) caused by the finite-
ness of 1/R. We have noticed in Sec. III that, for the distance
D between the two nulls of the quasi-snowflakes less than a,
the flux function in the limit of 1/R — 0 has the following
form:

OO = (B,,K>/a®)[P3(x,y) + D*Pi(x,y)],  (AS)

where P; and P; are polynomials of the third and first power,
respectively, with the coefficients of order one and the super-
script “0” o meaning that this is a flux function of a
zeroth-order in 1/R. As an example, in the exact snowflake
P3 :xy2 — (2/3)y3, P,=0. To find a correction of order 1/R,
we substitute Eq. (A5) into the last term in Eq. (A4) to find
equation for the first-order correction

o +82<I>(1) 1909
ox? oy TRy Ox

(A6)
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where we dropped the term x/R3 in the r.h.s that would have
led to a small higher-order correction. The r.h.s. is obviously
a sum of the polynomial of the second order and a constant.
In other words, the polynomial solution for @’ will be a
sum of the fourth-order and second-order polynomials, and
the general expression for @ will be

D~ (BmeZ/az)[P3(x7y) +D2P1(x,y)

+ (1/Ro)(P4(x,y) + D*Ps(x,y))]. (A7)

One sees that the ratio of the curvature terms to the main
ones is of order x/R, y/R < 1 and does not affect the shape
of the flux surfaces in the divertor area, Fig. 5.

APPENDIX B: SENSITIVITY TO THE CORE PLASMA
CURRENT VARIATION

The structure of the magnetic field in the divertor area is
determined by both the plasma current and current in the
poloidal field coils. It is important to evaluate the effect of
the varying magnitude and spatial distribution of the plasma
current for the case where the PF coil current is held con-
stant. This would allow one, in particular, to find require-
ments to the plasma control system: how will the magnetic
configuration change, if control system does not react on
some variation of the plasma current and its centroid.

Assuming that the plasma current and its distribution in
the poloidal plane vary by some small amount, and starting
from the exact snowflake configuration, G = K>B,z°¢"/
3a?, one can account for the small changes of the plasma
current by adding perturbations to the flux function

K-B in
- 2317;’;’823 +oz, (B1)

G
where o is a small (generally speaking, complex) parameter
proportional to the perturbation. We ignore the contribution of
the second and higher order in z, as for small z they will obvi-
ously produce much weaker effect than the retained first-order
term. The parameter o contains both the contribution of the
total current variation and the current spatial redistribution.
The contribution to o from the current variation is
~(0I/Iy)Bpp,. Assuming that the contribution of the changing
plasma position and plasma shape is of the same order, we
then have: o = OB,,,,0I /I, where Q is a complex constant of
order one that encapsulates both sources of variation, the mag-
nitude of the current and its position. The field function F is

dG B,mKre'" Qa?ein 51)
F=__——_ __P 2 — . B2
dz P (Z ] (B2)

The field now has two null-points,

_ Bmeze"’

F =
a?

(z — 62)(z + 62), (B3)

with the distance between them

D_ ooy [
a_2\52|_2 V7 T (B4)
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In other words, the uncontrolled current variations lead to
establishing some “natural” minimum distance between the
nulls. The square root dependence (B4) identified in first
snowflake publications®*** defines the requirements to the
control system that would have to be able to respond to a
few per cent of the current variations in order to keep D/a in
the range of 0.1. We do not dwell on the straightforward
extension of this analysis to the case where the unperturbed
state has two deliberately created nulls (a quasi-snowflake).

APPENDIX C: EFFECT OF THE FINITE TOROIDAL
CURRENT IN THE DIVERTOR AREA

As the poloidal magnetic field is small in a large area
surrounding the snowflake null, one should evaluate the
sensitivity of the field structure to possible small deviation
of the equilibrium field produced by the presence of a to-
roidal plasma current in the divertor area: in the analysis of
Secs. II and III, we used a curl-free model of the poloidal
field.

As the current near the null, especially that on the open
flux surfaces, is hard to predict/evaluate, we take an
“empirical” approach where we assume some simple model
for the current spatial distribution and then find the field
structure for various amplitudes of this current.**''" As a
result, we find a rough estimate of the current that leads to a
significant change of the field topology. Having done that,
we can make a judgement whether the current of such a mag-
nitude is plausible, or not.

In the vicinity of the null, one can use a planar model,
with axial (toroidal) current present. We take the following
model for the spatial distribution of that current:

i(0) 4
i = D . @
(x —dy)* + (y — dye)? + D2

where subscript “div”’ indicates a divertor region. Subscript
“c” designates the parameters characterizing the current dis-
tribution in the divertor area: the position of centroid (d,.,
dy.) and the width of the distribution D... For this distribution,
the total toroidal current in the divertor area is I, = nj;?\),Df.
We assume that direction of the divertor current is the same
as that of the plasma current.

Obviously, the effect on the configuration will be strong-
est when the current-free configuration is an exact snowflake,
where an exact second-order null is most “fragile.” Adding
the flux function corresponding to the current (C1) to the ini-
tial currentless flux function (25), we find an equation for the
flux surfaces:

—y? +3x%y 4 un[(x — dy.)* + (y — dyl-)2 +D?] = const. (C2)

Here, x, y, and all other parameters of the dimension of
length are normalized to the minor radius a, and p is a
dimensionless parameter that characterizes the divertor cur-
rent density
R )
K=ok |
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where j is defined as j = ¢B),/2na and is approximately
equal to the average toroidal current density. In the further
discussion, we specified the divertor current density as 0.1 of
the average current density. With that, and taking K, =1 we
show several characteristic shapes of the separatrices in Fig.
25. The parameters that we vary are the position of the cent-
roid and the width D, of the area occupied by the current.
The unperturbed snowflake is oriented so that the bisector of
the main separatrix is vertical. In a symmetric case, if the
centre of the current flow lies on the bisector, the separatrix
acquires a shape close to the symmetric snowflake-minus
(panels (a)—(c) in Fig. 25). If the centroid is shifted to the
left, towards the axis of the device, one obtains asymmetric
snowflakes with the null-to-null distance increasing with the
size of the current-carrying area (panels (d)—(f) in Fig. 25).
The same happens when the centroid is shifted in the out-
ward direction, just the nulls change places (panels (g)—(i) in
Fig. 25). In an improbable case that the current centroid is
situated below the unperturbed null, a snowflake-plus config-
urations are formed (not shown).

An overall conclusion that one can make is that even at
significant divertor current density the resulting structures look
very similar to vacuum quasi-snowflakes and the general char-
acterization of the plasma effects of the quasi-snowflakes
remains unchanged. These results are supported by earlier stud-
ies’®!!! of the effect of the divertor currents, where different
initial configurations and current distributions were considered.

APPENDIX D: AN HIERARCHY OF CONFIGURATIONS

In this Appendix, we describe a transition from the first-
order field null, to the second-order and higher-order nulls in
terms of constraints imposed on the field function F, Sec. II.
Within the divertor area, F' can be represented as a series

F=Ao+Az+ A% + A2 + Auz* + . (D1)

The corresponding complex potential G (Eq. (8)) will be

) . (D2)

The coefficients A, depend on the currents in a plasma and
PF coils.

For now, we will place the origin at the field null lying
on the main separatrix, meaning that Ay =0. As the scale of
the global field variation is ~a,

A A A A
G:—<A02+7122+?2z3+7324+?425+~

K,e'
An = Bpm )

a}'l

(D3)

where B, is a poloidal field at the midplane and K|, are
dimensionless coefficients (real and positive). If no special
measures related to the adjustments of the currents are taken
(see below), the coefficients K, are of order one.

For the “standard” first-order null with K; ~ 1 in the vi-
cinity of the null, i.e., at |z| ~D<a, one can neglect the
higher-order terms and obtain Egs. (9) and (11), the second
of which we repeat here for convenience

G = —A12*/2 = —K(Bpn/a)e"z* /2. (D4)
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By adjusting the currents in PF coils, one can make
A;=0. Then, in the vicinity of the null, one can neglect the
terms z° and higher in Eq. (D1) and z* and higher in Eq. (D2).
We then find the snowflake field represented by Eq. (18).

By further adjustments of the currents, one can make
both A; =0 and A, =0, thereby making the Asz> the first
non-vanishing term in Eq. (D1). This situation corresponds
to a cloverleaf divertor.''?

We see that each step requires imposing additional con-
straints on the currents in PF coils. An example of a rela-
tively simple coil arrangement for the cloverleaf divertor is
described in Ref. 112. Moving further is, in principle, possi-
ble but looks at present unnecessary.

If on each step we do not completely remove the lower-
order terms (due to, e.g., imperfect operation of the control
system) but bring them to small values, we obtain configura-
tions with several nearby nulls. Specifically, in the case
(D4), we allow for a small linear contribution (A; small but
finite) and we obtain a quasi-snowflake,with two nearby
first-order nulls. Allowing for small but finite values for A;
and A, in the cloverleaf case leads to a splitting of the third-
order null to three first-order nulls.
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