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Introduction A snowflake divertor (SF) magnetic configuration [1] uses a second-order null
created by merging two first-order nulls (X-points) of the standard divertor [1, 2]. Poloidal mag-
netic flux surfaces in the region of the exact second-order null have six hexagonal separatrix
branches with an appearance of a snowflake, and the region of low poloidal field Bp surround-
ing the null(s) is broader (cf. standard divertor), leading to a strong impact on edge plasma
properties. In the experiment, two variants of the exact configuration called snowflake-plus and
snowflake-minus are often realized in steady-state, as the exact second-order null configuration
is topologically unstable [1]. 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 approaches the standard
divertor X-point from the common flux scrape-off layer (SOL) side (Fig. 1). Magnetic field
structure and geometric properties of the SF-plus and the SF-minus are similar to those of the
exact SF configuration when the distance D between the poloidal nulls satisfies D≤ a (λq/a)1/3

(where a is the core minor radius and λq is the SOL power width (projected to midplane)) [2].
Experiments in DIII-D and NSTX at high divertor power density demonstrated significantly

reduced inter-ELM divertor heat flux with both the SF-minus and the SF-plus, additional re-
duction with radiative dissipation, all compatible with high performance operation (H98y2≥ 1)
(e.g., [3, 4]). In this paper we discuss the impact of SF configurations on ELM energy and diver-
tor heat transport and deposition. Type I ELM peak heat fluxes were significantly mitigated in
the SF configurations, and nearly eliminated in D2-seeded H-mode plasmas with PNBI = 4−5
MW due to geometry, transport, and radiation effects.
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Figure 1: Standard (a), SF-minus
(b), and SF-plus (c) magnetic di-
vertor configurations. The primary
separatrix is shown by a red line,
the secondary separatrix by blue
lines.

Experiment The SF divertor configuration experiments were con-
ducted in the DIII-D tokamak using a standard highly-shaped H-mode
discharge scenario with Ip = 1.2 MA and PNBI = 4 MW, and ion
B×∇B direction toward the lower divertor. The DIII-D tokamak di-
vertor is an open geometry divertor with graphite plasma-facing com-
ponents and divertor inter-ELM heat fluxes of several MW/m2. Ra-
diative divertor conditions in DIII-D are routinely accessed with car-
bon and deuterium radiation using D2 seeding that increases upstream
(and core) density [5, 6]. The SF configurations were obtained for 2-3
s (cf. τE ∼ 0.250 s) using three existing poloidal field shaping coils in
the divertor region.
Impact on pedestal The SF configurations affected flux surface av-
eraged edge magnetic properties via the poloidal magnetic field Bp,
as a broader region of the low Bp (cf. standard X-point divertor) was
formed inside the separatrix due to the two nulls in the lower diver-
tor. Both the magnetic shear and q95 were systematically increased by
10-30%. Edge plasma profiles were similar with and without the SF
configurations. Pedestal top plasma parameters varied within 5-15%:
with the SF configuration, T ped

e slightly reduced, nped
e slightly increased, and pped

e remained
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nearly constant (Fig. 2). Changes in the magnetic shear and weak changes in pedestal pres-
sure gradient were apparently insufficient to affect the peeling-balooning mode stability, as
only small unsystematic changes in ELM frequency (about 10-20%) were detected with the SF.
Pedestal energy Wped was nearly unaffected at lower ne. The pedestal stored energy lost per
ELM ∆WELM was reduced in discharges with the SF configurations. In some discharges, the
effect was strong, ∆WELM was reduced by up to 50% [4]. More typically, however, the reduc-
tion was in the range ≤ 20%. This was consistent with the Type I ELM scaling of ∆WELM with
ν∗ped found in many tokamaks [7]. In discharges with the SF divertor, the pedestal collisionality
ν∗ped = πRq95/λe,e was increased and the ELM parallel transit time τELM

|| = 2πRq95/cs,ped (the
pedestal ion transport time from the mid plane to the target at the sound speed cs) was also in-
creased. Shown in Fig. 2 are pedestal and ELM characteristics in the standard and the SF-minus
divertor discharges at lower densities. At higher density in radiative SF divertor discharges, both
the ∆WELM and ∆WELM/Wped were lower by 10-20% (cf. standard divertor, Fig. 3).
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Figure 2: Time traces of edge magnetic
shear (a), q95 (b), pedestal energy (c), en-
ergy lost per ELM (thick lines show aver-
age ∆WELM) (d), and pedestal pressure (e)
in H-mode discharges with the standard
and SF-minus divertors.

The radiative SF discharges showed stronger reductions in
ELM energies ∆WELM. Shown in Fig. 3 is a comparison of nor-
malized ∆WELM for the lower ne and radiative standard and SF-
minus conditions. However, in these experiments the radiative
divertor conditions were not optimized for compatibility with
pedestal and core. While H-mode confinement was maintained,
some reduction in H98(y,2) by 10-20% with D2 seeding was
noted, mostly due to the reduction in pedestal Te.
Impact on divertor The SF configurations also affected ELM
heat transport in the SOL, resulting in reduced peak target tem-
peratures and heat loads. Some uncertainties remain as to whether
the SF configurations were maintained during equilibria pertur-
bations due to large ELMs. Divertor infrared thermography data
suggested that in many cases the SF configurations were not de-
stroyed, and hence, the SF divertor geometry benefits were re-
alized. These include increased connection length L||, plasma-
wetted area Awet , specific divertor volume, and heat flux sharing
among additional strike points.

The peak divertor power was reduced in the SF-minus by up to
50-70%, and further reduced in the radiative SF-minus by up to
50%, as compared to the standard divertor. Shown in Fig. 3 is the
divertor power operating space, the total power received by the
outer (horizontal) target Qout

div vs the power received by the inner
(vertical) target Qin

div, for the four discharges discussed above. The
total power is obtained by integrating heat flux profiles measured
by infrared thermography. Outer peak powers above 1-2 MW are
attributed to ELMs in the standard and SF-minus at lower ne. For
ELMs, the increased divertor connection length L|| reduces the
target surface temperature rise as ∆Tt ∼WELM/

√
τd , where WELM

is the ELM energy and τd is the ELM deposition time which is
increased at longer L|| [8]. The analysis of ELM plasma-wetted
areas AELM

wet = PELM
div /qELM

peak , where PELM
div is the divertor power received during an ELM, showed

no systematic trends in the outer divertor, and a reduced AELM
wet in the inner divertor in the SF

configuration at lower ne. Similar trends were observed at radiative conditions.
In the standard divertor configuration, radiative buffering of ELM divertor heat loads is not
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(a) (b)

Figure 3: (a) Energy lost per ELM reduction relative to the pedestal energy as a function of normalized pedestal density in the standard and
SF-minus discharges at lower ne and at higher ne (radiative divertor conditions). (b) Divertor power operating space for the same conditions.

very effective, leading to additional target power load reduction up to 20 % (e.g., [9]). Typically,
the partially-detached standard divertor strike points re-attach during ELMs enabling significant
transient heat and particle fluxes to reach the targets. Radiative SF divertor experiments in DIII-
D demonstrated that at increased density (collisionality), both the ∆WELM and the divertor qELM

peak
were reduced more strongly than in standard radiative divertor, leading to the much reduced
peak powers. A combination of the geometry, transport and enhanced radiative dissipation may
provide a significant benefit for ELM buffering. Shown in Fig. 4 are representative divertor heat
flux profiles at peak ELM time in discharges with the SF-minus and standard divertors. At lower
ne, heat flows to all strike points in the SF divertor and qELM

peak is reduced, and nearly eliminated
in the radiative SF, both in the inner strike point and the outer strike points. While the ELM
power balance is not possible with present diagnostics, the Qdiv operating space suggests that
the reductions observed with the SF divertor must be due to the radiative dissipation and/or
additional transport. We note that the radiative SF effect on ELM heat flux was also observed in
the NSTX tokamak [10]
X-point βp measurements The low Bp region in the SF configuration can affect transient heat
transport not only via the geometry modifying the pedestal and SOL transport characteristics,
but also via null-region ballooning, electrostatic, and flute-like instabilities [2, 11]. A toroidal
curvature driven flute-like instability was conjectured to occur in the SF configuration [2, 12]. A
convective redistribution of the ELM ion energy-carrying pulse among the additional separatrix
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Figure 4: Divertor heat flux profiles at peak ELM times.

branches would occur on a time scale much
faster than the plasma travel time to the tar-
get plate. The low Bp region leads to a high
βp = Pk/Pm = 8πPk/B2

p � 1, where Pk =
Tene is the kinetic plasma pressure, and Pm
is the poloidal magnetic plasma pressure.
As the pressure balance condition no longer
holds (βp� 1), the poloidal equilibrium is
not sustained and the plasma convectively
mixes in the null-region n = 0 toroidally
symmetric manifold, and spreads over all
divertor legs.

The DIII-D unique diagnostic capability,
the divertor Thomson scattering (DTS) di-
agnostic, was used to measure plasma ki-
netic pressure and infer βp in the standard
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and SF null regions. While it is not presently possible to directly measure the mode frequency
or amplitude, indirect measurements can aid modeling and theoretical calculations [2, 11, 12]. A
special SF scenario was developed to position the null region over the DTS laser beam and sight
lines (Fig. 5). The Pk profiles were obtained in the standard divertor configuration by slowly
translating the X-point horizontally across the DTS region using the plasma control system.
In the SF configuration, the translation capability was limited to a few cm. Most of the DTS data
corresponds to the inter-ELM pressure, with a few incidentally synchronized ELMs. Shown in
Fig. 5 is a comparison of the βp profiles measured in the divertor X-point vicinity as a function of
distance projected to midplane for the standard and SF-minus configuration. The SF data points
are unsorted and correspond to several spatial locations above the divertor floor (indicated in the
legend). First, βp is low in the SOL, and rapidly approaches high values in the X-point vicinity.
During ELMs, it increases by about an order of magnitude. Second, the region of high βp ≥
10−100 is much broader in the SF configuration. For comparison, the measured midplane SOL
separatrix βpm ≤ 0.01. Based on the theoretical estimates [2] and DIII-D parameters, we obtain
for the size of the convective zone D∗ = a(βpm)

1/4 ∼ 20 cm for the SF, and D∗ = a(βpm)
1/2 ∼ 6

cm for the standard divertor.
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Figure 5: Standard and SF-minus divertor configurations
overlapping the DTS measurements region (top). Poloidal βp
measured in the divertor as a function of radial distance pro-
jected to the mid lane R−Rsep.

In summary, recent DIII-D studies provide new
insights into the physics of ELM energy loss, heat
transport and deposition in the radiative SF diver-
tor. The emerging understanding provides support
to the SF divertor concept as a promising solution
for divertor power exhaust in future magnetic fusion
devices. The DIII-D experiments demonstrated the
SF divertor compatibility with high H-mode con-
finement, radiative divertor with gas seeding, and
significantly reduced ELM energies, as well as di-
vertor heat fluxes between and during ELMs.
Acknowledgements We thank the entire DIII-
D Team for technical, engineering and computer
support as well as plasma and diagnostic opera-
tions. Dr. D. D. Ryutov is acknowledged for in-
sightful discussions. This work was performed un-
der the auspices of the US Department of En-
ergy (US DOE) under DE-AC52-07NA27344, DE-
AC02-09CH11466, DE-FC02-04ER54698 and DE-AC04-94AL85000.

References
[1] RYUTOV, D., Phys. Plasmas 14 (2007) 064502.
[2] RYUTOV, D. et al., Plasma Physics and Controlled Fusion 54 (2012).
[3] SOUKHANOVSKII, V. et al., Phys. Plasmas 19 (2012/08/) 082504 (12 pp.) .
[4] HILL, D., Nucl. Fusion 53 (2013/10/) 104001 (18 pp.) .
[5] PETRIE, T. et al., Nuclear Fusion 37 (1997) 321 .
[6] FENSTERMACHER, M. E. et al., Plasma Phys. Control. Fusion 41 (1999) A345.
[7] LOARTE, A. et al., Journal of Nuclear Materials 313–316 (2003) 962 .
[8] ROGNLIEN, T. et al., Journal of Nuclear Materials 438 (2013) S418 .
[9] MONIER-GARBET, P. et al., Nuclear Fusion 45 (2005) 1404.

[10] SOUKHANOVSKII, V. et al., Journal of Nuclear Materials 438 (2013) S96 .
[11] RYUTOV, D. et al., in Proc. 24th IAEA FEC, San Diego, 2012, Paper TH/P4-18.
[12] RYUTOV, D. et al., Phys. Scripta accepted (2014).

Radiative Snowflake Divertor Studies in DIII-D V.A. Soukhanovskii, et al.

General Atomics Report GA-A27887          4




