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Abstract

Recent DIII-D results demonstrate that the snowflake (SF) divertor geometry (see standard
divertor) enables significant manipulation of divertor heat transport for heat spreading and
reduction in attached and radiative divertor regimes, between and during edge localized modes
(ELMs), while maintaining good H-mode confinement. Snowflake divertor configurations
have been realized in the DIII-D tokamak for several seconds in H-mode discharges with
heating power Pyp; < 4-5 MW and a range of plasma currents /, = 0.8 — 1.2 MA. In this
work, inter-ELM transport and radiative SF divertor properties are studied. Significant impact
of geometric properties on SOL and divertor plasma parameters, including increased poloidal
magnetic flux expansion, divertor magnetic field line length and divertor volume, is confirmed.
In the SF-minus configuration, heat deposition is affected by the geometry, and peak divertor
heat fluxes are significantly reduced. In the SF-plus and near-exact SF configurations, divertor
peak heat flux reduction and outer strike point heat flux profile broadening are observed.
Inter-ELM sharing of power and particle fluxes between the main and additional snowflake
divertor strike points has been demonstrated. The additional strike points typically receive up
to 10-15% of total outer divertor power. Measurements of electron pressure and poloidal beta
B, support the theoretically proposed churning mode that is driven by toroidal curvature and
vertical pressure gradient in the weak poloidal field region. A comparison of the 4-4.5 MW
NBI-heated H-mode plasmas with radiative SF divertor and the standard radiative divertor
(both induced with additional gas puffing) shows a nearly complete power detachment and
broader divertor radiated power distribution in the SF, as compared to a partial detachment
and peaked localized radiation in the standard divertor. However, insignificant difference in
the detachment onset w.r.t. density between the SF and the standard divertor was found. The
results complement the initial SF divertor studies conducted in high-power H-mode discharges
in the NSTX and DIII-D tokamaks, and, along with snowflake divertor results from TCV and
other tokamaks, contribute to the physics basis of the SF divertor as a power exhaust concept
for future high power density tokamaks.
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1. Introduction

Based on nearly five decades of magnetically confined nuclear
fusion plasma physics research, an axisymmetric magnetic
X-point divertor is envisioned as the plasma-material inter-
face for the tokamak-based reactor. Intense heat and particle
fluxes from the core plasma escape to the scrape-off layer
(SOL) region and follow open field lines to a separate divertor
chamber for mitigation and control of heat loads and material
erosion. The steady-state mitigation techniques include par-
titioning the power that flows into the SOL (Psor) between
divertor targets, reducing parallel heat and particle fluxes via
volumetric losses and radial spreading, and reducing the heat
flux deposited on the plasma facing components (PFCs) via
increasing the plasma-wetted area [1, 2]. However, for future
tokamaks, e.g. the fusion nuclear science facilities (FNSF)
[3, 4] and, ultimately, the DEMO [5], the standard radiative
divertor may be insufficient to keep steady-state heat fluxes
within the present technological limit of 5-10 MW m~2 and
control erosion via reduced 7, simultaneously. Additionally,
transient divertor heat fluxes from edge localized modes
(ELMs) must be mitigated via ELM size reduction and peak
heat flux reduction to the transient limit of 0.1-0.5 MJ m~2,
It is envisioned that an advanced magnetic configuration
divertor optimized for heat and particle flux mitigation
would take advantage of a combination of techniques, e.g.
the magnetic geometry, plasma-facing component (PFC)
geometry and structure, and impurity-seeded radiative solu-
tions. Motivated by promising experimental and modeling
results to date, a number of combined radiative and advanced
divertor solutions have been proposed (as recently reviewed
in, e.g. [6]).

A snowflake (SF) divertor magnetic configuration [7]
has been proposed as a potential solution for the tokamak
divertor power exhaust problem. The SF magnetic configu-
ration includes a second-order poloidal field B, null or two
first-order nulls separated by a small distance [7—11]. Poloidal
magnetic flux surfaces in the region of the exact second-
order null have six separatrix branches with an appearance
of a snowflake. The poloidal field B, is a quadratic function
of the distance from the null in the SF divertor (see linear in
the standard divertor) [7], making the region of low B, sur-
rounding the null(s) broader. This property was theoretically
predicted to have a strong impact on the pedestal and divertor
plasma properties [10-13].

Encouraging results have been obtained in snowflake
divertor experiments performed in the TCV [14-16], NSTX
[17-20], DIII-D [20-23] tokamaks and two-null quasi-snow-
flake divertor experiments in EAST [24]. In TCV, ohmic
and RF-heated H-mode plasmas, divertor heat flux sharing
between multiple SF strike points was observed during ELMs
and attributed to enhanced SOL transport. Initial experiments
in DIII-D and NSTX using H-mode discharges with high
divertor power densities demonstrated compatibility with high
performance operation (as indicated by, e.g. the H-mode con-
finement factor H98(y,2) > 1), modification of pedestal sta-
bility (in NSTX), significantly reduced inter-ELM and ELM
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Figure 1. A layout of poloidal magnetic field coils in DIII-D
tokamak. The coils F4B, F5B, and F8B are used for the SF divertor
configurations. The coil currents used are expressed in Amps next to
the coil schematics.

divertor heat flux, and facilitated access to partial strike point
detachment (in NSTX).

In this paper we summarize the SF divertor properties
obtained in DIII-D and report recent experiments that demon-
strated heat transport modification and heat flux spreading in
the attached divertor, and at the partially detached (radiative)
divertor conditions between ELMs in the SF configuration,
in comparison with the standard divertor. The paper is organ-
ized as follows. Experimental conditions are summarized in
section 2. Snowflake divertor experimental results are pre-
sented in section 3, including geometric properties, divertor
inter-ELM heat fluxes, particle and heat flux sharing between
additional strike points, divertor poloidal 3, measurements
and relation to the churning mode hypothesis, increased SOL
power width, and radiative SF divertor properties. Section 4
contains discussion of the above results and conclusions.

2. Experiment

The SF divertor experiments were conducted in DIII-D using
a standard highly-shaped lower single null H-mode discharge
scenario with B, <2 T, I, = 0.8 — 1.2 MA, Py < 5 MW,
and ion B x VB drift toward the lower divertor. The DIII-D
tokamak divertor is an open geometry divertor with graphite
PFCs. In steady-state density scans, a divertor cryo-pump
was used for particle removal, and D, seeding at a midplane
location was used for average density 7, variations in the
range ~4.5-7.5x10" m~3 ((0.4 — 0.7) x n,/ng, where ng is
the Greenwald density [25]). The DIII-D tokamak is equipped
with a powerful core, edge and divertor diagnostic system.
The divertor diagnostics used in this study included infrared
thermography, Langmuir probes, divertor bolometry and
divertor spectroscopy. Magnetic reconstructions were based
on standard Grad—-Shafranov equilibria reconstructed using
the EFIT code.

The SF configurations were obtained using three existing
poloidal field shaping coils F4B, F5B, and F8B in the lower
divertor region, with currents I < 5 kA, as shown in figure 1.
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Figure 2. Typical magnetic equilibria of the standard (), near-exact SF (b), SF-plus (c¢), and SF-minus () divertor configurations obtained
in the experiment. The primary separatrices (red lines) and the secondary separatrices (blue lines) are shown. In the near-exact SF, the nulls
either overlap or slightly move with respect to each other, so that SF-plus and SF-minus with a small time-varying D < 0-5cm are realized.
The line surrounding the null(s) region shows the extent of the low poloidal field region B, < 0.1 B,,,, where B,,, is the outer midplane B,,.

The exact SF configuration with a second-order null is topolog-
ically unstable [7]: small variations of coil currents may lead
to the break-up of the second order null into two physically
separated first-order nulls. The two variants of the SF con-
figuration often realized in steady-state experiments are called
snowflake-plus (SF-plus) and snowflake-minus (SF-minus),
as shown in figure 2. In the SF-plus, the secondary null is on
the private flux region side of the standard divertor X-point.
In the SF-minus, the secondary null is in the common flux
SOL region. For SF-minus configurations, a combination of
pre-programmed and real-time controlled coil currents (as in
[18]) was used: the F4B and F8B coils were used for real-time
strike point position control using the plasma control system
(PCS), while FSB with a pre-programmed negative current
was used for SF inter-null distance control. The coil FOB was
disengaged (with Ipgg ~ 0 A) to avoid penetration of magnetic
field lines under the divertor shelf to the regions unprotected
by PFCs. The near-exact SF and SF-plus configurations were
realized during SF control development experiments using a
real-time null-tracking algorithm, and the three coils operated
by PCS with real-time feedback [26].

The present analysis is focused on comparing the standard
divertor configuration and three stable SF configurations real-
ized in the experiment. The SF configurations are character-
ized by the distance D between two divertor nulls, obtained
from locating B, null coordinates from magnetic equilibria
reconstructions. The second B, null coordinates can be also
expressed in terms of normalized poloidal magnetic flux
1y so that the distance D is remapped to the radial mid-
plane: the distance D,,, can be used to characterize the SF
zone between nulls w.r.t. the SOL power width A, which is
also typically expressed in units of outer midplane distance.

Shown in figure 2 are (1) the standard divertor with D > 20
cm (large); (2) the near-exact SF with D < 0-5cm; (3) the
SF-plus with D < 10 cm; (4) the asymmetric SF-minus with
D < 8-12cm. Other SF-minus configurations were also real-
ized (not shown): the symmetric SF-minus, where both nulls
are on the main separatrix, and another asymmetric SF-minus,
where the secondary null is in the inner scrape-off layer (on
the high-field side (HFS)) of the primary null. Because most
of the inter-ELM power that escapes through the separatrix
flows into the outer (LFS) divertor SOL, we focused here on
the LFS SF-minus. However, we note that the HFS SF-minus
configuration may be of interest for further studies of ELM
heat flux mitigation, since higher peak heat fluxes from large
ELMs are typically measured in the inner (HFS) divertor leg
(strike point).

The SF configurations were produced for long periods,
2-3s, i.e. many energy confinement times 7z < 0.250 s and
comparable with the discharge flat-top duration of 3—4s.
Shown in figure 3 are typical time traces of two H-mode
discharges with Pyg; = 4.5-5 MW, one with the standard
divertor configuration, and another with the near-exact SF
divertor configuration formed at 3.5s and sustained for about
2.5s. Generally, the SF configuration had weak, if any, effects
on core plasma temperature, density or confinement [20, 23,
27, 28].

3. Results
The DIII-D experiments provided a comprehensive assess-

ment of the SF divertor properties in a large tokamak with high
divertor power loads and low-Z radiation. The experiments
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Figure 3. Time histories of two 1.2 MA H-mode discharges with
the standard divertor (Pyg; = 4.5 MW, black time traces) and SF
divertor (Png; = 5 MW, red traces). (a) Inter-null distance; (b) Core
density, Plasma stored energy, and Sy; (¢) Lower divertor radiated
power; (d) Power received by the lower divertor; (e) Peak divertor
heat flux in SP1.

were aimed at clarifying the predicted SF effects (some of
which were previously observed in the initial SF experiments
on DII-D and NSTX), including: divertor geometry effects
and heat flux spreading, divertor heat and particle flux sharing
between additional strike points, convective transport in the
SF null region, and detachment onset and stability. The exper-
iments also provided an assessment of SF effects on pedestal
stability and ELMs presented elsewhere [27, 28].

3.1. Geometric properties of snowflake configurations

Divertor magnetic geometry modifications in the SF con-
figuration are predicted to affect divertor heat and particle
transport and power deposition in a favorable way because of
increased conductive and radiative heat losses, increased dif-
fusion, and a fast convective plasma redistribution [7, 11]. The
geometric properties of the SF-plus and the SF-minus configu-
rations are similar to those of the exact SF configuration when
the inter-null distance D satisfies D < a (\,/a)'/3, where a
is the minor radius and ), is the SOL power width [11]. The
criterion yields D ~ 10 cm for DIII-D discharge parameters
(a ~0.60 m, A\, < 2-3mm [29, 30]). The low B, regions in
the typical standard and SF divertor configurations are shown
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Figure 4. Geometric properties of the inner and outer SOL in the
standard divertor (black lines) and SF divertors (solid red lines—
SF-plus, dashed red lines—SF-minus). The magnetic flux expansion
Jexp profile versus the distance from the primary separatrix strike
point: (a) inner SOL, SP4; (b) Outer SOL. The midplane-to-target
connection length /) profile versus the radial distance from the
primary separatrix remapped to the midplane radius (see \,): (c)
Inner SOL (inner midplane to inner target); (d) Outer SOL (outer
midplane to outer target).

in figure 2. The low B, zone was defined by the B, contour
at 10% of the mid plane separatrix B, value. In the standard
divertor, this zone was limited to the vicinity of the primary
X-point. In the SF configurations, the zone was broader and
often included the additional divertor legs and strike points.
The latter is typical for compact divertor tokamaks, such as,
e.g. DIII-D and NSTX.

The geometry properties realized in the SF divertor experi-
ments in DIII-D included: (1) the formation of additional
strike points (figure 2); (2) the increased connection length (a
length of a field line connecting upsream midplane or X-point
and the target (strike point))

MP
Bt t
I = / Sl
SP V4

(3) the increased specific divertor volume Vgiy ~ [|; (4) the
increased poloidal flux expansion

Jexp = B Rup/ (B)PRsp) )

leading to the increased plasma-wetted area A, = 27Rsp
fexpAq/ sin(8), where sin(#) is the divertor target poloidal tilt
angle. Significant geometry improvements in the SF divertor
configurations are demonstrated in figure 4. Radial profiles
of fexp and /) are compared between the SF and the standard

ey
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divertor configurations for the inner SP4 and the outer SP1
regions. The inner divertor geometry was weakly affected
in both the SF-minus and the SF-plus configurations. In the
asymmetric SF-minus, the secondary null separated the outer
SOL into two manifolds. In the manifold formed between the
primary and secondary separatrices (that are defined by the
nulls), both the fex, and /) were increased significantly, by up
to 70% between the separatrices and even higher closer to
the separatrices. In the second, outermost SOL manifold, the
geometry was modified to a lesser extent. In the SF-plus, the
secondary B, null (in the private flux region) mainly affected
the geometry at the separatrix, within <10%-30% of the SOL
width: modest increases in both the outer fex, and the outer
I up to 30% were noted. In the near-exact SF (not shown),
the flux expansion was similar to the SF plus, the connection
length increase was stronger in the near-separatrix region.

3.2. Inter-ELM sharing of power and particle fluxes between
snowflake divertor strike points

Power sharing over multiple strike points and cross-field
(radial) transport modifications are viewed as attractive SF
features. In this section, we discuss inter-ELM peak heat flux
reduction and power and particle flow sharing observed in the
SF divertor configurations (see standard divertor) in lower
density H-mode discharges.

Heat and particle flux sharing effects were expected in the
SF configurations produced in the experiment because of the
following two arguments.

First, the divertor heat and particle deposition patterns in
the SF divertor are defined in the first order by the relative
magnitudes the SOL power width A, and the inter-null dis-
tance D [13] (here for comparison we use the inter-null dis-
tance mapped to the midplane D,,, (section 2). If D,,, < A,
the SOL ‘sees’ little difference between SF-plus and SF-minus
configurations. The near-exact SF divertor configuration dis-
cussed below belongs to this case. If D,,, > A,, quasi-SF
configurations close to the standard divertor are realized,
with some SOL fraction affected by the weak B, region. In
the described DIII-D SF-minus and SF-plus experiments,
both A, and D,,, were comparable: A\, ~ 2-3mm, whereas
D,,, = 0-5mm. As predicted theoretically [13], in this situa-
tion the SF-minus and the SF-plus should produce differences
in the SOL structure and sharing of the heat and particle fluxes
between additional strike points, as compared to the two strike
points of the standard divertor.

Second, according to the SF theoretical criterion, enhanced
radial transport that leads to power sharing among multiple
(four) strike points is activated when the high plasma con-
vection zone radius D* ~ a(aB,,/R)'/? is comparable to
the inter-null distance D [11]. This criterion yields D* ~ 10
cm using the DIII-D parameters. In the experiment, distances
D = 0-12cm were typically realized, reaffirming the expecta-
tion that different transport properties could be measurable in
the SF-plus and the SF-minus configurations. A comparison
of D, =0-3mm and the SOL power width A\, < 2-3mm
[29, 30] in the standard divertor suggests that the SOL power
channel may be affected by the SF geometries.

Many inferred SF properties are based on the measured
divertor heat flux profiles as follows. The heat flux analysis
is based on infrared camera measurements of divertor surface
temperature profiles as discussed in, e.g. [29, 30]. The inter-
ELM profiles were conditionally averaged during the last
25% of the inter-ELM cycle (i.e. before each ELM) when the
heat flux is fully relaxed. The conditional averaging used time
periods of 30-100ms duration, when the electron density n,
was matched within <10% between the standard and the SF
discharges. The density matching was important because the
divertor radiated power loss is a strong function of upstream
density in DIII-D. Edge and divertor radiation in these dis-
charges were low, and similar within 10-15% between the
SF and standard divertor, hence not a significant factor in the
power balance. The effect of the increased Ayt on divertor
heat footprint, while significant in DIII-D and NSTX, is not
readily observed in tokamaks with target plates positioned
further away from the SF null region, such as TCV [14] or
some future designs [31, 32]. To account for the effect of Ayt
(fexp) in heat transport studies, the outer SOL parallel heat
flux profiles are calculated and remapped from divertor major
radius to midplane radial distance using EFIT magnetic equi-
libria reconstructions:

q)| = qaiv/ sin 3)

where oo = 0.5 — 2° is the angle between the total magnetic
field and the divertor plate. The outer SOL parallel heat flux
profiles are shown in panels (¢) in figures 5, 8, and 9 for the
SF-minus, SF-plus and the near-exact SF configurations,
respectively.

3.2.1. Snowflake-minus divertor. As discussed above, the
second null in the SF-minus divertor configuration produces
clear and significant magnetic geometry effect by splitting the
outer SOL into two manifolds. This effect is clearly observed
in divertor deposited heat flux profiles. Shown in figures 5(a)
and (b) are the inner and outer divertor target heat flux pro-
files, respectively, measured in H-mode discharges with
Pxgr = 4MW and n, ~ (5 — 6) x 10" m~3. While the inner
SP4 heat fluxes were generally low, peak heat fluxes in the
SF-minus divertor were higher by up to 15% over those of the
standard inner divertor. Since the geometry of the inner diver-
tor was unchanged, higher heat fluxes in the inner SP4 may be
indicative of heat redistribution in the SF-minus over all strike
points. Heat fluxes in the strike point SP3 (main separatrix)
were only measurable in discharges with Pyg; > 3.5 MW.
Heat fluxes in the secondary SP2 were practically unmeasur-
able. The flux expansion over the SP3 region was very high
(30-40) resulting in small angles o < 1°. In addition, the con-
nection length over the entire region was very high, also likely
to result in additional dissipative losses. The secondary SOL
(SP1) received a large fraction of heat, however, with much
lower peak heat fluxes than in the standard divertor, to a large
degree due to a wetted area (flux expansion) increase. Both
the flux expansion and the connection length in the outer SP1
region were high, although to a lesser extent than in SP3.
Heat flux sharing between the SF-minus outer SOL mani-
folds is also clearly observed in the parallel heat flux profiles,
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Figure 5. Inter-ELM heat flux profiles in the standard (D =~ 20 cm, black lines) and SF-minus (D < 11 cm, red lines) divertor
configurations. (a) Vertical target (inner) divertor heat flux; (b) Horizontal and 45-degree tile outer target divertor heat flux; (¢) Outer SOL
parallel heat flux profiles versus radial distance from separatrix remapped to the outer midplane.

as shown in figure 5(c). Two peaks corresponding to the pri-
mary SPI and secondary SP3 in the SF-minus divertor are
evident. Heat flux profiles remained peaked and bell-shaped in
both manifolds despite the fact that the upstream (midplane)
heat flux is expected to be exponential-like. The amounts of
heat partitioned between the main SOL (SP3) and the sec-
ondary SOL (SP1) are unknown since the SP3 heat deposition
is likely to be affected by volumetric losses, with a possibility
of full radiative detachment. The heat partition between SP1,
SP2 and SP3 is an important feature of the the SF-minus con-
figuration and should be studied more systematically in future
experiments, to complement the first studies presented below.

Inter-ELM power flow sharing between the primary and
additional strike points in the SF-minus divertor is demonstrated
in figure 6. The divertor power deposition (sharing) fractions
in the SF-minus strike points were studied as a function of
distance D between the nulls in a series of H-mode discharges
with 4-5 MW NBI heating and n, ~ 4.8 — 5.0 x 10~ m—.
The power deposition trends are unaffected by Ay, and reflect
the SF power sharing. The divertor relative power fractions
deposited in the spatial regions of the SP1 (R = 1.23 — 1.37
m), SP2 (R=1.13 — 1.23 m), and SP3 (R =1.03 — 1.113 m)
on the outer divertor target in the SF-minus are compared to
the standard divertor. The normalization is done to the total
power deposited on the lower outer divertor target that includes
the 45-degree section and the horizontal section. The distance
D was varied from 20-30cm (standard divertor) to 0-18 cm
(SF-minus). Small power fractions below 10% were usually
measured in the additional SF-minus strike point regions SP2
and SP3. A weak trend of increasing power in these strike
points with decreasing D (approaching SF-minus) was evi-
dent. At D ~ 20 cm, the second null entered the SOL and split
it into two manifolds, resulting in increase of power fractions
directed to the SP2 and SP3. The data scatter around D = 10—
20cm was due to the orientation of the two nulls: for the same
D, the relative placement of the second null (D,,,) in the SOL
could slightly vary, apparently affecting how the power was
divided. Most power was deposited in the secondary SOL
strike point SP1, however, it decreased with decreasing D by
20%, proportionally with power redistribution into additional
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Figure 6. Relative fractions of outer divertor power deposited in
the standard and SF-minus configurations as a function of inter-
null distance D. Strike point regions are clarified in figures 2(d)
and 5(b). (@) SP3 region (R = 1.03 — 1.113 m); (b) SP2 region
(R=1.13 — 1.23 m); (c¢) SP1 region (R = 1.23 — 1.37 m); (d) Far-
SOL divertor shelf region (R = 1.38 — 1.75 m).

SF-minus strike points SP2 and SP3. A large power fraction,
up to 35%, was deposited in the far-SOL region in all divertor
configurations. This is somewhat unexpected, however, it is
thought as mostly due to a large area (associated with the
larger major radius) over which power density is integrated.
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A weak increase of the integrated power in the far-SOL with
decreasing inter-null distance (approaching SF-minus) is
presently not understood. The flux expansion in the far-SOL
was 15% higher in the SF-minus configuration, whereas the
deposited heat fluxes were similar, suggesting that the par-
allel heat flux in the SF-minus could be slightly higher in the
far-SOL.

Power fractions deposited in the additional strike points
SP2 and SP3 in the SF-minus were found to be sensitive to
upstream (divertor) density, as more power was radiated at
higher densities. In figure 6, data for SF-minus at higher den-
sity (n, >~ 6 x 10~ 19 m—3) indicated that at small D, additional
strike point power was strongly reduced to the levels barely
measurable by the IR camera (approaching the levels meas-
ured in the standard divertor private flux region). The main
power was directed to the secondary manifold SP1 and the
far-SOL at the same fractional levels (while the total depos-
ited power was obviously reduced due to increased radiation
at higher divertor density).

Significant heat redistribution and peak heat flux reduction
take place in the SF-minus configuration due to SOL split-
ting and geometric mitigation factors in each SOL manifold,
as highlighted in figure 7. Lower divertor heat flux profiles
measured in the inner (SP4) and outer (SP 3, SP2, and SP1)
divertors in a series of H-mode discharges with varying input
heating (NBI) power (proportional to Psor) P, = 1-10 MW
are shown. With increasing input power, the inner SP4 receives
more heat in the SF-minus (see the standard divertor inner
strike point). Also evident are (1) the absence of heat flux in
SP3 at lower power, (2) a nearly-Gaussian shape of the SP3
heat flux profile at higher power. Both are suggestive of heat
diffusion, a significant heat flux reduction due to increased
plasma-wetted area (flux expansion), and possible SP3 detach-
ment at lower power. The peak heat flux in SP1 was always
significantly reduced as well. We note that the highest input
power 10 MW (Pngr = 7 MW and Pgcy = 3 MW) was used
in the high-performance advanced tokamak H-mode, and the
comparison was made between the standard double null (DN)
configuration and the configuration with the upper standard
divertor and the lower SF-minus (DN-SF), both with the ion
VB drift toward the upper divertor [33]. The DN configuration
was biased toward the lower single null with dRsep = —5mm
(the distance between separatrices mapped to the midplane).
The DN-SF configuration partitioned the outer SOL into three
manifolds, separated by the SF-minus null (D,,, = 2mm) and
the upper DN null (dRsep = —5mm). A significant power
fraction was directed to the lower outer divertor resulting in
power deposition in SP1 and SP3 (figure 7(e)).

3.2.2. Snowflake-plus divertor. Inter-ELM heat flux redistri-
bution and geometry effects in the SF-plus divertor appear to
be more subtle than in the SF-minus, since the SOL geometry
in the SP-plus configuration is not as drastically affected, in
comparison with the standard divertor. Lower divertor heat
flux profiles in the SF-plus divertor and the standard divertor
are compared in figures 8(a) and (b). The profiles were mea-
sured in 4.5 MW NBI-heated low-density H-mode discharges.
Peak heat fluxes were reduced by up to 50% in the outer SP1.
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Figure 7. Divertor target profiles in the standard (black lines) and
SF-minus (red lines) divertor configurations in H-mode discharges
with different NBI heating powers. Inner (vertical) target profiles
are shown in the left panels, outer (horizontal) target profiles

are shown in the right panels. NBI input power ((@)—(d)) and

NBI + ECH input power (d) are shown in the right panels.

The impact of increased plasma-wetted area (fexp) on the heat
deposition in the primary outer strike point SP1 was small,
suggesting that other geometry and/or transport effects con-
tributed to the heat flux reduction. This is supported by the
outer SOL parallel heat flux profiles shown in figure 8(c). The
q) profiles show peak reduction and profile broadening. The
inner (vertical) target heat fluxes in SP4 were increased (albeit
remaining at a very low level), again suggesting power redis-
tribution in the SF-plus among the strike points. Heat deposi-
tion in the additional strike points SP2 and SP3 was rarely
measurable.

3.2.3. Near-exact snowflake divertor. The analyses of par-
ticle and power flows in the near-exact SF divertor show
clear redistribution trends. In the near-exact SF, the distance
between the two nulls is maintained as low as possible. In
this sense, the near-exact SF represents the merging of the SF-
minus and SF-plus results at D — 0. The time histories of the
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Figure 9. Inter-ELM heat flux profiles in the standard ((D ~ 20 cm), black lines) and near-exact SF (D < 3 cm, red lines) divertor
configurations. (a) Vertical target (inner) divertor heat flux; (b) Horizontal target divertor heat flux; (c) Outer SOL parallel heat flux profiles

versus radial distance from separatrix remapped to the outer midplane.

near-exact SF discharge are shown in figure 3: the distance D
oscillated between 0 and 5-6cm, while stable plasma char-
acteristics (71, gpeak) Were maintained. The divertor heat flux
profiles shown in figures 9(a) and (), as well as the outer SOL
parallel heat flux profile (figure 9(c)), were qualitatively simi-
lar to the SF-plus profiles: in comparison with the standard
divertor, peak reduction, profile broadening in the outer SP1,
and peak increase in the inner SP4 were evident.

Particle flux sharing in the near-exact SF divertor between
SP2, SP3, and SP4 strike points is demonstrated in fig-
ures 10(a)—(e). Divertor target Langmuir probe measurements
were available for particle flux analysis in this discharge.
Because of discrete Langmuir probe locations and few avail-
able probes, only qualitative characterization of particle flux
using saturation current density Jg; measurements in the
vicinity of the strike points was possible. Langmuir probe

Jsat time histories shown in figures 10(c)—(e) demonstrate that
particle fluxes increased by 1-2 orders of magnitude in the
innermost SP4, and in the additional strike points SP2 and
SP3 after a transition from the standard divertor to the near-
exact SF. In the inner SP4, however, the increase was also in
part due to the drifting SP toward the probe LP6.

A comparison of power fractions deposited in the standard
divertor and the near-exact SF divertor in strike point SP1,
SP2, and SP3 regions (figures 10(f)—(h)) demonstrates sig-
nificant power sharing. The power fraction trends for SP1,
SP2 and SP3 with inter-null distance show that (1) power
deposition was increased in the additional strike point regions
(SP2, SP3), and (2) power deposition in the outermost strike
point SP1 region was decreased by 3040 % (about 0.3-0.4
MW in the near-exact SF versus 0.5-0.55 MW in the standard
divertor). Divertor power deposition fractions were obtained
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Figure 10. Details of particle and power flux sharing between

SF strike points. (@) Time histories of inter-null distance D in the
standard (black line) and near-exact SF (red line) divertor H-mode
discharges; (b) The near-exact SF divertor magnetic equilibrium and
locations of the Langmuir probes whose data shown in (c)—(e); (¢)
Saturation current density Jg, of probe LP6 in the vicinity of SP4;
(d) Saturation current density Jg, of probe LPS8 in the vicinity of
SP3; (e) Saturation current density Jg, of probe LP10 in the vicinity
of SP2. Lower divertor relative power fraction measured in the
region of SP3 (f); SP2 (g); and SP1 (k) in the standard and near-
exact SF divertor configurations.

for the strike points on the horizontal targets by integrating
measured inter-ELM heat fluxes over the strike point regions
(see figures 2(b) and 8 (b)) and normalizing the obtained SP
power to the total power deposited over the entire divertor
target area. It is noted that the SP2 and SP3 regions of the
standard divertor are situated in the private flux region and
receive very low heat fluxes from plasma radiation. The
near-exact SF power fractions are consistent with those of
SF-minus configuration at very low inter-null distances D pre-
sented in figure 6.

3.3. Plasma convection in the low-B,, region of the snowflake
divertor

As demonstrated in the previous section, one of the key prop-
erties of the SF divertor configuration is the plasma spreading
over additional divertor legs (strike points). A number of phys-
ical mechanisms that could be responsible for the spreading
has been proposed theoretically [10, 11, 13, 34, 35], and sim-
ulated in a numerical model [36]. Classical electromagnetic

E x B drifts have been proposed to explain transport enhance-
ments in SF separatrix branches [37]. Candidate instabilities
(modes) that could cause the convection have been discussed
[13, 34]: a toroidally symmetric convective cell with a plasma
vortex (a ‘churning mode’) driven by the vertical plasma pres-
sure gradient and toroidal field curvature [10, 11, 13, 35];
toroidal curvature-driven n = 0 flute-like modes [34, 38] or
divertor ballooning modes [34, 39]; and MHD turbulence
[13]. The onset of candidate modes depends critically on
the plasma pressure across the separatrix, with the threshold
values for mode onset expressed in terms of poloidal j3,:

By = Pi/Pu = 87Pr /B> 1

where Py is the kinetic plasma pressure, and P,, is the poloidal
magnetic plasma pressure. In the cases of the pressure-driven
convection (the churning mode) and the ballooning modes,
the onset depends not only on the pressure gradient, but also
on the orientation of the snowflake configuration and the asso-
ciated toroidal curvature. To maximize the drive terms, the
churning mode needs a vertical pressure gradient, whereas the
ballooning mode needs a radial pressure gradient. It is impor-
tant to note that the candidate mode onset and the spatial extent
may be significantly enhanced during ELMs when plasma
pressure increases by orders of magnitude in the divertor at
the arrival of the ion density transient from the pedestal with
T, ~ TP [13, 34].

Experimental validation of the theoretically proposed con-
vection mechanisms is not straightforward as the desirable
mode parameters, e.g. its amplitude, frequency, or plasma
vortex motion, are not readily measurable. In addition, in
this work, we analyze SF properties between ELMs, where
transport enhancements may be modest. In the following, we
present measurements of time-averaged inter-ELM vertical
pressure gradient profiles and 3, profiles and discuss their
relation to the churning mode which was predicted to domi-
nate over the other mechanisms [13]. The DIII-D measure-
ments are a first step toward validating assumptions of the
theoretical models.

The churning mode model elucidates a fast convective
plasma redistribution in the poloidally localized and toroi-
dally symmetric zone where poloidal 3, is high. Because of
a broader region of weak B, in the SF configurations, the
high poloidal beta 3, region is also broader than that in the
standard divertor X-point region. The pressure balance con-
dition required for poloidal magnetic equilibrium no longer
holds in the wider 3, > 1 zone: with a strong vertical pres-
sure gradient and only toroidal field (but weak poloidal field)
the equilibrium cannot be sustained. Plasma convective vortex
motion onsets in order to compensate and recover the pres-
sure balance condition [10, 11, 13, 35]. The mentioned theor-
etical references compared this convective cell instability to
a neutral fluid in gravitational field instability where fluid
convective motion is driven by interaction of a vertical grav-
itational force (the toroidal field curvature in the SF) and a
horizontal thermal gradient (the vertical pressure gradient in
the SF). The churning mode rotation was described either ana-
Iytically using the Lagrangian description of the fluid element
motion associated with the changes in the system’s thermal
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Figure 11. Magnetic equilibria used for DTS measurements: (a)
standard divertor and (b) SF-minus divertor configurations. Vertical
points show DTS measurements. SF-minus divertor profiles of (c)
Electron pressure P,; (d) Magnetic pressure P,,, and (e) Poloidal
beta 3, as a function of vertical distance (DTS measurement points).

and magnetic energies [10]; or by numerical integration of
the reduced ideal MHD equations with dissipative terms [36].
Both model implementations show that in the SF divertor, the
plasma pressure and magnetic flux are perturbed over a larger
zone with a size that scales with poloidal 3, as compared to
the standard divertor.

Poloidal 3, profiles have been inferred for the standard and
SF divertor configurations, as shown in figures 11 and 12, and
confirmed the existence of the high 3, broad region in the SF
configuration.

A unique DIII-D tokamak diagnostic, the divertor
Thomson scattering (DTS) system [40—42], has been used to
measure electron pressure P, = n,T,. The kinetic pressure Py
was inferred under the assumption Py, = P, + P; = 2P, for
the standard and SF null regions. Shown in figure 11 are the
measurement geometry and the associated vertical profiles
in the SF-minus divertor in the low density H-mode plasmas
with B, = 2T, ion B X VB toward the lower divertor, I, = 0.8
MA and Pnp; =3 MW. A special SF-minus scenario with
D,,, = 1-3mm was developed for these measurements, as
the entire plasma had to be translated outward to intersect
the vertical DTS measurement points, as shown in figure 11
(see figure 2). The scenario geometry is consistent with the
theoretical assumptions of the churning mode formation dis-
cussed in [10, 13, 36]: the main separatrix orientation enables
a strong vertical plasma pressure gradient. We note, however,
that the measurements can be further improved by extending
them outside of the SOL region, which was not possible
with the present plasma control and DTS capabilities. In the
standard divertor configuration, the P, profiles were obtained
by slow (1-2s) non-perturbative translations of the X-point
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Figure 12. Divertor profiles as a function of distance from separatrix
projected to midplane. (a) Electron pressure; (b) Magnetic pressure;
(¢) Bp. Note that the vertical profiles in the SF are remapped to radial
midplane distance for comparison with ),. Standard divertor—black
points, SF-minus divertor—colored points that correspond to the
three points above the target (Zirger = —1.250 m) as indicated

in figure 11: red—Z = —1.2424 m, blue—Z = —1.2294 m,
green—Z = —1.20540 m.

horizontally across the DTS region using the plasma control
system; in the SF configuration, the translation capability was
limited to a few cm. The inter-ELM pressure P, profiles were
conditionally sampled between ELMs, with data points taken
in several spatial locations above the divertor floor. The P, and
P, profiles in the SF-minus configuration show a wide low
B, region and a strong vertical pressure gradient (going from
the confined plasma inside the separatrix to the SOL plasma).
The electron pressures measured in several spatial points with
different vy are similar throughout the SF null region, which
may suggest plasma mixing throughout the region.

A comparison of the profiles measured in the divertor
X-point(s) vicinity for the standard and SF-minus configu-
rations is shown in figure 12. The scatter is caused by the
DTS geometry that includes points on the same flux surface
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1y that have different vertical coordinate z. The profiles are
projected to midplane radial distance from separatrix using
1y re-mapping. The standard divertor SOL power width at
I, = 0.8 MA is ~3mm [30]. The measurements suggest sev-
eral interesting points. First, the kinetic pressure Py (2 X P,)
profiles in the standard and the SF-minus divertor were com-
parable, while P, profiles significantly decrease toward the
vicinity of the X-point(s). As a result, the divertor 3, profile
is peaked in the X-point vicinity. The P,, is much lower in
the SF, leading to significantly higher divertor (,. Second,
the region of high 3, > 1is much broader in the SF configu-
ration, essentially extending over the entire SOL width. For
comparison, the measured upstream SOL /3, < 0.01. Based
on the theoretical estimates [10, 11] with DIII-D tokamak
parameters, we obtain for the size of the convective zone D*
[10, 13]: D* = 0.81a(Byma/R)"/* ~7 cm for the SF, and
D* = 0.44f3,,a* /R ~ 0.1 cm for the standard divertor. Using
the estimated D*, one can infer the churn period in the SF
as 7= 1.3vRD*/(\/2T /m;) ~ 107> s. This is typically
much shorter than the Bohm diffusion time, or the parallel
SOL transit time [10]. During ELMs, the null-region plasma
pressure significantly increases due to the ELM ion density
convective pulse, and D* is further increased. The DTS meas-
urements in DIII-D between ELMs confirm existence of the
high 3, broad region in the SF configuration. While it is not
presently possible to directly measure the hypothetical mode
frequency or amplitude, present divertor 3, measurements can
aid further modeling of 3-dependent convective transport.

3.4. SOL power width in the snowflake divertor

Understanding parallel heat flux spreading in SF divertor
configurations is key to future plasma device applications.
Inter-ELM particle and power deposition on the divertor target
in the divertor SOL is determined by the balance between par-
allel and cross-field SOL transport. Both of these processes are
strongly linked to normalized SOL collisionality v* (or v, /1,
where v,, is the electron collisionality) via parallel temper-
ature gradient and radial pressure gradient, respectively,
and further connected to turbulence. In the standard divertor
SOL, particle and power widths may be related to transport
and geometry (connection length) in a simplified way as fol-
lows. For plasma particles, the SOL width is estimated as
A= /D TsoL = \/D LZH /v, where TsoL is the characteristic
particle SOL time in a collisionless (low v*) regime, D is

an effective diffusion coefficient, and v is the particle thermal

speed. For energy (heat) transport, A, ~ /X J_THE , where

7if ~ (mqR)?/(2x|) is the energy loss time due to conduction
and convection, and yx ; is determined by turbulence, classical
drifts, and MHD. In the SF divertor, however, depending on
parallel and cross-field transport mechanisms (diffusive versus
convective), a longer connection length obtained thanks to
lower B, (see standard divertor), may not necessarily lead to
an increased SOL width [43].

Recently, significant tokamak research efforts have been
dedicated to elucidating A\, and its dependencies on physics
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Figure 13. Inter-ELM parallel outer divertor (SP1) heat flux
profiles in the standard and near-exact SF divertor configurations.

and engineering parameters [30, 44-46]. These arguments set
qualitative expectations for the SF divertor. The cross-field
transport in the SF divertor legs may be determined by local
physics and weakly correlated with the upstream properties.
This is because the SF configuration can lead to de-correla-
tion (disconnection) of turbulence between upstream and
downstream SOL due to flux tube shearing by very low B,
and the convective plasma redistribution in the null(s) region
(e.g. the churning mode). The increased X-point connection
length over a fraction of the SOL may result in a broader SOL.
The classical E x B drift may also be enhanced in the low B,
region due to higher parallel temperature and density gradi-
ents that drive additional poloidal E terms. These effects may
lead to the broadening of the SOL power channel (increasing
the width \,). Attributing the broadening to a specific mech-
anism (or mechanisms) quantitatively appears to be beyond
the present experimental capabilities.

In SF configurations, analyses of inter-ELM parallel heat
flux profiles showed the outermost SP1 heat flux profile
broadening by up to 50%. An example of the data and fit-
ting is shown in figure 13, where parallel heat flux profiles
in the standard and near-exact SF configurations of two low
n. H-mode discharges are compared. The integrated )\, was
broader and the peak g was lower in the SF divertor configu-
ration. Recent parallel heat flux width studies in DIII-D indi-
cate that )\, scales with inverse 1, (B,), and is consistent with
B,-dependent cross-field SOL transport models [29, 30]. As in
[30], the measured g(Rgiy) was mapped to g as a function of
the radial midplane distance from separatrix. The profile was
fitted with the Eich function [44], a sum of the Gaussian func-
tion and the exponential function, the former characterizing
symmetric radial heat spreading into the SOL and private flux
region via the spreading parameter S, and the latter charac-
teristic of the SOL transport via the SOL power width Agor:
AEich—int =~ AsoL + 1.64 S.

The parallel heat flux width trend as a function of inter-
null distance D was studied in a number of near-exact SF,
SF-plus and SF-minus configurations. Shown in figure 14
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Figure 14. Outer midplane power widths (SP1) as a function of
inter-null distance D for the standard, SF-minus, SF-plus, and near-
exact SF in 1.2 MA H-mode discharges. (a) Integral SOL width
Aine; (0) SOL width Agor; (¢) Spreading parameter S.

are the integral SOL width Ay, and the two \j,; components,
AsoL and S for the outermost SP1 in the standard and SF
divertor configurations. The data points were from condition-
ally-averaged (between ELM) heat flux profiles measured in
Pngr = 4.0-5.0 MW 1.2 MA H-mode discharges with lower-
end n, densities and low divertor P4 both matched within
15% between the discharges. Several interesting observations
are noted.

Larger g widths were observed in the near-exact SF and
the SF-plus. In the near-exact SF and SF-plus divertors, the
SOL widths Agor, were greater by up to 30%, whereas the
S parameter was greater by up to 50%, as compared to the
standard divertor. The Aj,; increase in the SF was significant,
by up to 50%. However, present data does not allow clear
separation of the effects involved in the parallel heat flux
profile changes. The obvious (local to the divertor) candidate
mechanisms for the peak parallel heat flux reduction are the
dissipative losses from to the increased connection length /),
the increased diffusive spreading, and the power redistribu-
tion between the strike points. The Ay, increase appears to be
mostly due to S, which may be from the increased dissipative
losses and diffusive spreading. The increased Asor in the SF
divertor is an encouraging result since it may imply increased
radial transport (A2 ~ x 1 75°0).

The SF-minus data is more difficult to interpret, however,
it is also shown in figure 14 for comparison. In the SF-minus,
the secondary null separates the SOL into two manifolds con-
nected to the primary SP3 and secondary SP1. As discussed
in section 3.2, heat flow in the SP3 was significantly affected
by the SF geometry (e.g. [ increased by up to 70%, also
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Figure 15. Horizontal divertor target profiles in the standard
radiative (black lines) and radiative SF (red lines) H-mode
discharges.

increased Ayer): gpeak Was barely detectable at Pgor, < 3 MW.
Here, the SP3 widths were not plotted due to large uncertain-
ties. However, the SP3 profiles at higher powers were meas-
urable and appeared to be Gaussian-shaped (e.g. figures 6
and 7). The second (secondary) SOL manifold with SP1 is
also affected by the SF-minus geometry: the SP1 separatrix
borders the SP3 region, the secondary null, and its own pri-
vate flux region. In the SP1, AgorL was similar to the standard
divertor and S was smaller.

3.5. Radiative snowflake divertor

An important aspect of the SF divertor studied in DIII-D was
the radiative SF divertor. The DIII-D experiments revealed
stronger inter-ELM divertor peak heat flux reduction in the
radiative SF divertor in comparison with the standard radia-
tive divertor. Radiative divertor conditions in DIII-D are
achieved in the standard divertor with carbon and deuterium
radiation using D; seeding that increases upstream (and core)
density [47, 48]. Preliminary results from the DIII-D radia-
tive SF experiments have been previously discussed in [20,
23,27, 33].

Both the radiative SF-plus and SF-minus divertors were
compatible with good H-mode confinement albeit with con-
finement degradation similar to the standard radiative divertor.
While the confinement degradation was not associated with
the SF formation at lower-to-medium densities, additional D,
seeding at rates 50-80 thinsp;Torr thinsp;l s~! (to raise the
density for radiative divertor onset) resulted in 10%-20%
reduction in, e.g. H98(y,2) and H89L factors and plasma
stored energy Wypp in the standard divertor, and up to 30% in
H-mode discharges with the radiative (higher-density) SF-plus
or SF-minus. The degradation was associated with the reduc-
tion of pedestal 779 and the corresponding pedestal energy
reduction [23]. Generally, reduced pedestal stability at higher
collisionality is an expected effect of the radiative divertor on
the confined plasma [49]. Further H-mode scenario develop-
ment is necessary to optimize compatibility of the core plasma
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Figure 16. Time histories of radiative divertor H-mode discharges:
black lines—standard divertor, red lines—SF-minus divertor
configurations. (a) Core density normalized to Greenwald density
ng; (b) Divertor radiated power and gas flow rate; (c) Peak divertor
heat flux; (d) Horizontal divertor target heat flux profiles at times 1,
2, 3 indicated by blue vertical lines in (a)—(c).

with the radiative SF, as is typically done with the standard
radiative divertor [50].

The reduction of inter-ELM divertor heat fluxes was
stronger in the SF-plus and SF-minus configurations. Shown
in figure 15 are outer divertor heat flux profiles in D,-seeded
radiative SF and standard radiative divertor Pyg; = 4 MW
H-modes at 77, = 6.3 — 6.8 x 107 m™3. In the standard
divertor, the partial detachment led to a significant (up to a
factor of 10) peak heat flux reduction (see figure 5 and 7-9). In
the radiative SF-minus and SF-plus, a nearly complete power
detachment was observed at 4 MW NBI power, as heat flux in
SP1 was barely detectable.

Time histories of the 4 MW NBI-heated H-mode discharges
with the standard radiative divertor and the SF-minus radiative
divertor are shown in figure 16. In both cases, the core density
was matched, leading to Psor ~ 3.0 — 3.5 MW and similar
divertor radiated power 2 MW (Pffi‘s ~ (0.55 — 0.65 Psor)
at higer density. Referring to the time histories in figure 16
and the divertor heat flux profiles in figure 16(d), at time ‘1°,
when both discharges were in the standard divertor phase,
divertor heat flux profiles were similar (SP1). By time 2’,
the SF-minus divertor configuration was established, and the
peak heat flux was reduced in SP1 (mostly due to the poloidal
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Figure 17. Divertor radiated power as a function of average
core density for 1.2 MA, 4 MW NBI-heated H-mode discharges
with standard divertor (black points) and SF (red points) divertor
configurations.

flux expansion, as discussed earlier in section 3. By the time
‘3’, the gas flow was established and the upstream density
increased, and the radiative conditions were realized for both
configurations. The peak divertor heat flux (SP1) was lower in
the radiative SF-minus in comparison with the standard radia-
tive divertor. The flux expansion factor could still account for
most of the difference between the radiative SF-minus and the
standard divertor. In comparison with this radiative SF-minus
observation, in the SF-plus configuration, the SP flux expan-
sion was not as high, and could not fully account for the
difference. Experiments at high Psor. are needed to study dif-
ferences in detachment characteristics between the SF and the
standard divertor. One notable observation discussed in detail
elsewhere [28] was the significant ELM peak heat flux reduc-
tion in the radiative SF minus (figure 16).

The onset of radiative SF conditions (e.g. increase in
divertor impurity radiation and recombination, heat flux
reduction) were obtained at core 7, similar within 10-20% to
the standard radiative divertor. Shown in figure 17 is a trend
of divertor Py, versus average core density. In both standard
and SF configurations, divertor temperature is reduced and the
divertor radiation increases by 50% in a step-like manner at
the the detachment onset. Present data includes crude n, steps
and does not allow to compare the detachment n, onset condi-
tions to better than 10-20% in terms of n,.

While total divertor radiation levels were similar in the
standard and SF radiative divertor experiments, spatial dis-
tributions differed. Divertor radiated power from carbon and
deuterium species was distributed more broadly and uni-
formly in the radiative SF configurations. Spreading the radia-
tion could be an additional benefit as it reduces radiated power
density gradients and the peak radiative heating of divertor
targets. Shown in figure 18 are the C III emissivity and total
radiated power distributions in the radiative standard and SF
divertor discharges discussed above (P ~ 2 MW). The C III
emissivity distributions were obtained from tangential divertor
cameras using a numerical inversion to convert line-integrated
brightnesses to emissivities [48]. The total radiated power
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Figure 18. Carbon ion C III emissivity and radiated power density distributions in radiative standard, SF-minus, and SF-plus divertor
configurations. (a) Divertor camera C III emissivities (note similar emissivity scales); (b) Radiated power density (same scale) obtained
from tomographic bolometer inversions; (c) Radial profiles of radiated power density from (b) taken at Z = —1.20 m (X-point region),
Z = —1.25 m (mid-leg region), and Z = —1.30 m (outer strike point region).

distributions were obtained from tomographic reconstruc-
tions of multi-channel bolometry data [51]. Both the divertor
camera and the bolometer measurements were performed on a
slow time scale (~ 30 ms), hence the the C III emissivity and
the total plasma emissivity were average measurements that
included ELMs. In the standard divertor, radiation initially
peaked in the inner and outer divertor legs, and at the partial
detachment onset, the radiative front moved to the X-point
(e.g. [48]). In figure 18, both C I and total P%Y are localized
to the divertor leg and peak at the X-point. In contrast, in the
SF-minus, radiation also initially peaked in the divertor legs,
and with the SF-minus formation, it was broadly distributed
throughout the divertor volume, with occasional peaking at
the null-points. In the SF-plus, the radiation front was formed
in the divertor legs and moved toward the null-point region
where it stabilized. The extended connection length region
enabled a broader radiation zone. Shown in figure 18(c) are
P9 horizontal profiles at several elevations above the hori-
zontal divertor target. The profiles demonstrate broader
distribution and lower peaking of P4 in the radiative SF con-
figurations. The data also shows that despite the increased [
by 50%—75%, the radiative SF configurations were not more
likely than the standard divertor to form X-point radiative
instabilities that could degrade the confinement.

14

4. Discussion and conclusions

Snowflake divertor configurations have been realized in
DIII-D for several seconds in H-mode discharges with heating
power Pnpr < 4-5 MW and a range of plasma currents
I, = 0.8 — 1.2 MA. For the first time, inter ELM transport and
radiative SF divertor properties have been studied. Significant
impact of geometric properties, such as increased fexp, /> Vaiv,
on SOL plasma parameters has been shown. In the SF-minus
configuration, heat deposition is affected by the geometry,
and peak divertor heat fluxes are significantly reduced. In the
SF-plus and near-exact SF configurations, divertor peak heat
flux reduction and outer strike point heat flux profile broad-
ening are observed. Inter-ELM sharing of power and particle
fluxes between the main and the two additional snowflake
divertor strike points has been demonstrated. The additional
strike points typically receive up to 10-20% of the total outer
divertor deposited power. Measurements of the vertical elec-
tron pressure profiles and the poloidal beta 3, support the
theoretically proposed churning mode driven by the toroidal
curvature and vertical pressure gradient and causing convec-
tive plasma redistribution in the weak B, region. The radiative
SF divertor leads to a nearly complete power detachment with
4-4.5 MW NBI heating and broader divertor radiated power
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distribution. However, no significant difference in the detach-
ment n, threshold between the standard divertor and the SF
divertor was found.

The reported snowflake divertor experiments can be related
to experimental studies conducted in TCV and NSTX, and
numerical modeling results. In particular, in TCV H-modes,
up to 20 % of the ELM energy was found to be redistributed
to the additional SPs while the primary SP peak heat flux
was reduced by a factor of 2-3 [16]. The trends of power
distribution between additional strike points in the SF-minus
divertor configuration were studied numerically using the
EMC3-EIRENE code (however, without drifts and impuri-
ties) [52]. The relative power fractions were found to depend
on the position of the secondary separatrix in flux space rather
than the inter-null distance D. In most DIII-D SF-minus con-
figurations, the orientation of the nulls (angle) was similar,
while both D and D,,, change proportionally. Hence, the SP
power fractions showed similar trends as functions of D and
D,,,. Radiative snowflake divertor and susceptibility to radia-
tion limits were studied in NSTX with D, and CD, seeding
[17, 18, 20], and TCV with D, and Ne [53], and did not show
any significant difference in radiative instability likelihood
between the snowflake divertor and standard divertor.

The DIII-D findings provide a basis for further transport
studies of the SF divertor. A variety of the obtained SF con-
figurations resulted in a large spectrum of geometries that
need to be analyzed in detail w.r.t. the theoretically proposed
plasma convection paradigm. A number of modes, including
the churning mode, have threshold onset values that are func-
tions of field (B,), geometry (/|, pressure gradient Vp, toroidal
field curvature (~¢/R), and more generally, poloidal flux sur-
face orientation), and plasma parameters (p,7;). Both mod-
eling and improved measurements are needed to understand
the transport mechanisms better. As fluctuations of the above
quantities are also important, direct measurements of turbu-
lence characteristics in the SF region and their comparison to
standard divertor and midplane turbulence are desirable.

The reported DIII-D measurements suggest increased inter-
ELM SOL transport in the SF configurations. However, based
on the results it is not possible to isolate a particular mech-
anism, such as, e.g. the convective instability or the increased
I Given that weak between-ELM plasma redistribution
between additional strike points was observed, on the order of
10%, additional experiments are needed to clarify the effect.
The measurements were severely limited by plasma control
capabilities and could be further improved. One could envi-
sion an experiment in which the inter-null distance D would
be varied on a slow (transport) time scale over 1-3s, and a
corresponding analysis of \; would follow. The experiment
was attempted on DIII-D, however, inconclusive results were
obtained due to poorly controlled SF configurations. In par-
ticular, a relative orientation of the nulls at medium-to-lower
D appeared to be difficult to control. Ongoing work in SF real-
time control is attempting to address these shortcomings [26].

Another possible experiment that could test SF perpend-
icular heat transport models and trends is a variation of plasma
current, similar to the experiments studying A,’s as a function
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of plasma current in the standard divertor [30]. A limited SF
divertor data set was obtained in DIII-D in discharges with
I, =0.8,0.9,1.2 and 1.5 MA. Quantitative conclusions on A,
could not be reached due to the quality of SF configurations
and the need to improve SF control in discharges with various
plasma currents.

The radiative SF results in DIII-D are encouraging, how-
ever, some questions remain. While interesting observations
have been made, e.g. the broader radiation distribution and
peaking around additional nulls, it is puzzling that the SF geo-
metric features do not always translate to larger differences in
total radiated power. Additional experiments could improve
divertor radiation distribution results and conclusions, pos-
sibly with improved plasma control capabilities, or seeding
different impurities to probe different temperatures along the
parallel T, profile. However, the explanation could also be due
to a physical mechanism limiting radiated power in the SF
divertor.

In summary, the emerging understanding of inter-ELM
divertor heat transport and radiation distribution in the SF
divertor from recent DIII-D experiments provides support to
the snowflake divertor concept as a promising solution for
divertor heat flux mitigation in future magnetic fusion devices.
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