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Abstract:

Recent DIII-D results demonstrate that the snowflake (SF) divertor geometry (cf. 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. Increased integral scrape-
off layer (SOL) width and heat flux spreading over additional strike points (SPs) were
observed in DIII-D, suggesting enhanced heat transport through the low poloidal field null-
point region and divertor legs. Direct measurements of divertor null-region poloidal 3,
using a unique DIII-D divertor Thomson scattering diagnostic, were consistent with the
theoretically proposed mechanism of instability-driven fast convective plasma mixing in the
high-/3,, region, especially efficient during ELMs. The peeling-ballooning mode stability in
the H-mode discharges was not significantly affected in the SF configuration as the ELM
frequency and size were changed by 10-20 %. The stored energy lost per ELM (i.e., ELM
size) was reduced. In deuterium-seeded radiative regimes in 4-5 MW NBI-heated H-mode
discharges, the SF geometry led to a significant reduction of peak heat fluxes between and
during ELMs. The results complement the initial SF divertor studies in the NSTX and
DIII-D tokamaks and contribute to the physics basis of the radiative SF divertor as a power
exhaust concept for future tokamaks.

1 Introduction

Based on three decades of magnetically confined nuclear fusion plasma physics research,
an axisymmetric magnetic X-point divertor is envisioned as the plasma-material interface
for the tokamak-based reactor. Intense heat and particle fluxes from the core plasma
are directed to a separate divertor chamber for mitigation and control. The steady-
state mitigation techniques include partitioning the power that flows into the scrape-off
layer (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 A,, [1l 2]. However, for
future tokamaks, e.g., the fusion nuclear science facilities (FNSF) [3] 4] and DEMO [5],
these techniques may be insufficient to control steady-state heat fluxes within the present
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technological limit of 5-10 MW /m?2. 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?.

A snowflake (SF) divertor magnetic configuration [6] has been proposed as a potential
solution for the tokamak divertor power exhaust problem. Experiments performed in the
TCV [7, 8, 9], NSTX [10, 11, 12] and DIII-D tokamaks [13] have provided encouraging
results to support the physics basis for further SF divertor concept development for future
high-power facilities. In particular, initial experiments in DIII-D and NSTX at high
divertor power densities demonstrated significantly reduced inter-ELM and ELM divertor
heat flux and compatibility with high performance operation (H98y2>1). In this paper
we discuss recent DIII-D experiments that show that the SF divertor enables significant
heat transport manipulation and heat flux spreading at attached and radiative divertor
conditions between and during ELMs, w.r.t. the standard divertor. It is envisioned
that the advanced 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 solutions.

2 Experiment

The SF divertor magnetic configuration uses a second-order null created by merging two
first-order nulls of the standard divertor [0, 14]. Poloidal magnetic flux surfaces in the
region of the exact second-order null form six separatrix branches with an appearance of
a snowflake. The exact second-order null configuration is topologically unstable [6]: 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 exact configuration often
realized in steady-state experiments are called snowflake-plus and snowflake-minus. 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. Poloidal field
B, in the SF null region is a quadratic function of distance (vs linear in the standard
divertor) [6], making the region of low B, surrounding the null(s) broader (Fig. [1)).

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, = 1.2 MA, Pypr < 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. A divertor cryo-pump was used for
particle removal, and Dy seeding was used for steady-state density control in the range
(0.4 —0.7) X ne/ng (~ 4.5 — 7.5 x 10 m™3 where ng is the Greenwald density [15]).

Z (m) Standard Snowflake Snowflake-plus Snowflake-minus
-0.5
1.0} gps SP4
O e & = =
1.5‘\“‘S\P1‘H‘\HH\ CosPe SR L1 JSPE e I SRR NP
1.0 1.5 2.0 25 1.0 1.5 2.0 25 1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
R (m) R (m) R (m) R (m)

FIG. 1: Experimental equilibria of the standard, SF, SF-plus, and SF-minus divertor configurations. The
primary separatrices are shown by the red lines, the secondary by the blue lines. The region B, < 0.1 By,
where By, is the outer midplane By, is shown by the line surrounding the null(s) region.

General Atomics Report GA-A27934 2



Developing Physics Basis for the Radiative Snowflake Divertor at DIII-D V.A. Soukhanovskii, et al.

Standard Snowflake Snowflake-plus Snowflake-minus
o
<E SP1 SP1
= SP1
S 1t 11 SP1 1L 11
= SP2,3
:1 o 150687 55479 SP2 150683
10 11 12 13 14 1510 11 12 13 14 1510 1.1 1.2 13 1.4 1510 1.1 1.2 13 14 15
R_div (m) R_div (m) R_div (m) R_div (m)
~ 150
o
S
=1 F 4 F 4 } 4
s 00
=3
g /‘\__
S 0 7 L
4 -2 02 46 8 4 -2 02 46 8 4 -2 02 46 8 4 -2 02 46 8
R_mid-R_sep (mm) R_mid-R_sep (mm) R_mid-R_sep (mm) R_mid-R_sep (mm)

FIG. 2: Inter-ELM divertor deposited and parallel heat flux profiles in the standard (D ~ 20 c¢m), SF
(D <3 em), SF-plus (D < 10 e¢m), and SF-minus (D < 11 c¢m) configurations.

The SF configurations were obtained using three poloidal field shaping coils in the
divertor region. The SF-minus configuration used a combination of pre-programmed coil
currents and strike point position control by the plasma control system (as in Ref. [11]),
while the exact SF and SF-plus were controlled using a real-time null-tracking algorithm
[16]. The SF configurations were produced for long periods (2-3 s) exceeding energy
confinement time 75 < 0.250 s and comparable with discharge flat-top duration of 3 — 4 s.
Magnetic equilibria were reconstructed with the standard Grad-Shafranov code EFIT.

3 Results

Recent DIII-D experiments focused on relative roles of geometry and transport in the
SF divertor effects previously observed in DIII-D and NSTX, including: power sharing
between additional strike points, divertor heat flux spreading, detachment onset and sta-
bility, as well as impact on pedestal stability and ELMs.

Geometric properties (e.g., the poloidal magnetic flux expansion f,,,, midplane-to-
target connection length Lj, and specific divertor volume Vg;,) 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 (\,/a)'/?, where a is the minor radius and ), is the
SOL power width as projected to midplane [14]. The increased L), V, (proportional to
Ly), and plasma-wetted area Aye; = 27 Rgp feapAq (Where Rgp is the strike point major
radius) would lead to reduced divertor g,e.; and increased divertor volumetric losses. The
criterion yields D ~ 10 cm for DIII-D discharge parameters (@ ~ 0.60 m, A\, ~ 2.5 —3 mm
[17]). Distances D = 0 — 12 cm were typically realized in the experiment, leading to the
expectation that the SF-plus and the SF-minus would behave much like the exact SF. If
the distance D is remapped via ¢ to the midplane, as is done with the dr,., parameter
in double-null magnetic configurations, one obtains dx x < 0—3 mm (cf. SOL width A,).

Inter-ELM peak heat flux reduction in the SF divertor (cf. standard divertor) were
observed in the experiments and attributed mostly to the increased A, and Lj. Shown
in Fig. [2| are the divertor heat flux profiles measured in 4-5 MW NBI-heated H-modes by
infrared thermography under attached divertor conditions (lower n, ~ (4 — 5.5) x 10!
m~3) with similar low divertor radiated power losses (1.3 MW), and the parallel heat flux
profiles. The effect of A,.; is accounted via the angle between the total magnetic field
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and the divertor target: ¢ = qa/sin(«), where o = 0.5 — 2°. The inter-ELM profiles
were conditionally averaged over 20-50 ms during the last 25% of the inter-ELM cycle.

In all SF divertor configurations, the innermost SP
(SP4 referring to Fig. [1)) received low heat flux 0.1-
0.3 MW /m?, similar to the standard divertor. It is the
outermost strike point(s) where the heat flow was af-
fected via the SF geometry. Power spreading in the di-
vertor via heat flow into additional divertor legs (SP2,
SP3) was also observed in SF configurations. In the
SF-minus, outer SOL power was split between SP3 and
SP1. The fraction of power (and heat flux) deposited
in SP3 was typically low, up to 15 % of the power mea-
sured in the SP1 at Pyg; > 5 MW, and undetectable at
Pnpr < 4 MW, despite the fact that 30-60% of the SOL
adjacent to the primary separatrix was connected to it.
Interestingly, the SP1 received most of the heat flux,
which was mitigated by Aue [18]. In the nearly-exact
SF', most of the outer SOL heat went into the SP1, and
a small fraction (again, up to ~ 10%) diffused across
the null region into SP2. Heat deposition in the SF-
plus was similar, except heat in the additional SPs was
rarely detected. In most cases, the A, accounted for
up to 80-90% of the observed divertor gueqr reduction,
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with the rest attributed to other effects, e.g.

spreading to the additional SPs, and not

readily quantifiable reduction due to additional diffusive spreading over the increased L.

®

100.0

10.0

@ '-fo ¢ g
an o
1.0 £ . »
)
i °

0.1

h,h

T ,
= = Standard
SF-minus

e 0.75cm

cm
4.5cm

Divertor [3 p

~gY

.
0.000

FIG. J:

. . .
0.002 0.004 0.006

R_maj-R_sep (m)
Poloidal B, measured in

the divertor as a function of distance
from separatriz projected to midplane.
Lines are drawn to guide the eye. The
SEF-minus point correspond to three
distances above the target as indicated.

Power sharing over multiple strike points and possi-
ble perpendicular transport modifications are viewed as
attractive SF features. The effect of the increased A, e
on divertor heat footprint, while significant in DIII-D
and NSTX, may not be readily achievable in future
tokamak geometries with target plates positioned not
as close to the SF null region. The spreading of heat
and particle fluxes over additional divertor legs, and
profile broadening in each SP, may occur due to plasma
mixing in the enlarged low B, region in the SF diver-
tor caused by null-region ballooning, electrostatic, and
flute-like MHD instabilities, as predicted theoretically
[14, 19, 20]. Analysis of inter-ELM parallel heat flux
profiles in the SF configurations showed the SP1 heat
flux profile broadening (cf. standard divertor [I7]). The

measured ¢(Rg;,) is mapped to g as a function of radial midplane distance from separatrix.
The profile is fitted with the Eich function [2I], a sum of a gaussian and an exponential
functions, the former characterizing symmetric radial heat spreading into the SOL and
private flux region via the parameter S, and the latter characteristic of the SOL transport
via the SOL power width Agor. Shown in Fig. [3] are the integral SOL width \;,;, defined
according to Ref. [22], and the two fitting components, Asor and S for the outermost SP1
in the SF and standard configurations. The data points correspond to Pygr = 4.0 — 5.0
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MW H-mode discharges with lower-end densities and divertor P,,; matched within 15%.
Larger ¢|| widths are observed in the near-exact SF and the SF-plus, mostly as a result of
the much larger S. The SOL width also appears to be affected: Agor is larger by up to
30%. In the SF-minus, the SP1 widths are reduced, however, the interpretation is more
complicated. In the SF-minus, the secondary null separates the SOL into two manifolds
connected to the primary SP3 and secondary SP1. In the SP3, as discussed above, heat
flow was significantly affected by the SF configuration (e.g., L) increased by up to 70%),
The second (secondary) SOL manifold with SP1, is less affected by the SF configuration.
In the SP1 Agpy, is similar to the standard divertor and S is smaller. Present data does
not allow to separate the effect of the increased diffusive spreading due to the higher L
and transport in the SF and SF-plus. However, the increased A\goy is an encouraging
results since it may imply increased radial transport (A5, ~ XperpTaCF).

In the SF configurations, the broad zone of low B, leads to a much larger region with
high poloidal beta 8, = P;/P,, = 87TPk/B§ > 1, where P, = T_n, is the kinetic plasma
pressure, and P, is the poloidal magnetic plasma pressure. As conjectured theoretically,
the pressure balance condition no longer holds (5, > 1) and the poloidal equilibrium
is not sustained. The plasma convectively mixes in the toroidally symmetric null-region
manifold, and spreads toward all divertor legs. The convection may be caused by the flute-
like mode driven by the toroidal field curvature and the vertical pressure gradient [20].
The size of the convective zone estimated from Ref. [20] o3 O Dreror Feat T WS
for the DIII-D parameters is several cm. The DIII-D di- Standard

. . . SF-minus
vertor Thomson scattering (DTS) diagnostic was used
to measure plasma kinetic pressure and infer 3, in the
standard and SF null regions (Fig. [4). The P, 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. Shown in Fig. |4 is a comparison of the 3, o2
profiles measured in the divertor X-point vicinity for
the standard and SF-minus configuration. The DTS
data corresponds to the inter-ELM pressure condition-
ally sampled in the last 50% of the ELM cycle over the ‘ o

0.0L A . ) ! !
translation scan, with data points taken in several spa- 02 -01 00 01 02 03 04 05

[yl
wo

b) = Divertor heat flux (MW/mA2)
Standard
SF-plus

R_div-R_SP1,3 (m)
tial locations above the divertor floor (as indicated in (
the legend). First, divertor 3, is low in the far SOL, and
rapidly approaches high values in the X-point vicinity.

FIG. 5: Inter-ELM divertor heat flux
profiles in the standard radiative, SF-
minus (a), and SF-plus (b) divertors.

Second, the region of high 8, > 10—100 is much broader in the SF configuration. For com-
parison, the measured upstream SOL f,,, < 0.01. Based on the theoretical estimates [14]
with DIII-D parameters, we obtain for the size of the convective zone D* = a(Bm)"/* ~ 20
cm for the SF, and D* = a(B,m)"/? ~ 6 cm for the standard divertor. During ELMs, the
null-region plasma pressure significantly increases due to the ELM ion density convective
pulse, and the 3, is increased by another order of magnitude. While it is not presently
possible to directly measure the hypothetical mode frequency or amplitude, present diver-
tor 3, measurements are consistent with theory [14, 19, 20] and can aid further modeling
of S-dependent transport.

Additional inter-ELM divertor heat flux mitigation was achieved with dissipative losses
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in the radiative SF divertor in DIII-D. In NSTX, the SF geometry facilitated detachment
access due to increased volumetric power and momentum losses [I1}, 23]. Radiative diver-
tor conditions in DIII-D are achieved in the standard divertor with carbon and deuterium
radiation using Dy seeding that increases upstream (and core) density [24, 25]. A compar-
ison of the Ds-seeded radiative SF and standard divertors in DIII-D demonstrated that:
1) both the radiative SF-plus and SF-minus were compatible with the H-mode confine-
ment albeit with confinement degradation similar to the standard divertor; 2) the onset
of radiative SF' conditions (e.g., increase in impurity radiation and recombination, heat
flux reduction) were obtained at core n, similar (within 10-20%) to the standard radiative
divertor; 3) the reduction of inter-ELM divertor heat fluxes was stronger in the SF-plus
and SF-minus configurations; 4) radiated power was more broadly distributed in the SF
configurations, including the additional divertor legs; 5) In the SF-plus, a higher degree
of power sharing among SPs was observed at higher divertor n..
While the confinement degradation was not associated
with the SF formation at lower-to-medium densities, addi- -
tional Dy seeding at rates 50-80 Torr1/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
Warap 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 reduction
of pedestal TP and hence pedestal energy [18]. Further
H-mode scenario development is necessary to optimize com-
patibility of the core plasma with radiative SF, as is typically
done with the standard radiative divertor (e.g., Ref. [26]).
A greater reduction factor of inter-ELM peak divertor
heat flux was measured in the radiative SF divertor than in
the standard radiative divertor at Pygr = 4 — 5 MW. The
profiles are compared in Fig.[§] In the standard divertor, the
partial detachment led to a significant (up to x10) peak heat
flux reduction (cf. Fig. [2)). In the radiative SF-minus and
SF-plus, a nearly complete power detachment was observed,
as heat flux in SP1 was barely detectable. The A,.; factor
accounted for most of the difference between the radiative
SF-minus and the standard divertor, while in the SF-plus
case, the difference was greater. Experiments at high Psoy,
are needed to study possible differences in detachment char-  mwmng
acteristics between the SF and the standard divertor, e.g., B TTEEETTT TR |
the effect of neutrals, transport and radiation limits. 80 25 20 15 10 05 00
Divertor radiated power from carbon and deuterium FIG. 0: Radiated power den-
sity distribution in the radiative
species was distributed more broadly and uniformly in the standard (a ) and SF-minus (b),
radiative SF configurations. Spreading the radiation could and SF-plus (c) configurations.
be an additional benefit as it reduces gradients and the peak radiative heating of divertor
targets. Shown in Fig. [0 are radiated power distributions in the radiative standard and SF
divertors, obtained from tomographic reconstructions of multi-channel bolometry data.
The lower divertor radiated power was about 2 MW in the radiative standard, SF-plus or
minus configurations, differing by 10%-15% (cf. Psor ~ 3.0 — 3.5 MW). In the standard

Radiative Standard
N"—

150679 4950.51|
P |
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divertor, radiation initially peaked in the inner and outer divertor legs, and at the par-
tial detachment onset, the radiative front moved to the X-point (e.g., Ref. [25]). In the
SF-minus, radiation also initially peaked in the divertor legs, and, as the SF-minus was
formed, it 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. Also, despite the geometric effects (e.g., increase
in Ly by 50%-75%), the SF configurations were not more likely than the standard divertor
to form X-point radiative instabilities that can degrade the confinement.

The broader low B, zone extended into the edge of the confined plasma and weakly
modified its magnetic properties. In the pedestal region, both the magnetic shear and
o5 were systematically increased by 10%-30%. The pedestal stored energy lost per ELM

AWgry was reduced as higher qo5 increased the pedestal collisionality I/;ed = TRqos5/ e

and the ELM parallel transit time THELM = 27 Rqos/Cspea (the pedestal ion transport

time from the mid plane to the target at the sound speed c;). This was consistent
with the Type I ELM scaling of AWgpy with Heat flux at peak ELM time (MW/m"2)

Vred found in many tokamaks [27]. In some dis- 8 [fnner @] “lo)  Outer
Standard

charges, the effect was strong, AWgry was re-  |Standard SF-minus

duced by up to 50% [13]. More typically, how-
ever, the reduction was in the range 5%-20%. At
higher density in radiative SF divertor discharges,
both the AWgry and AWgpa/Wpea were lower
by 10%-20% (cf. standard divertor) [18]. Kinetic
profiles were similar with and without the SF' con-
figurations. Pedestal top plasma parameters were
modestly changed within ~ 15%: with the SF,
Tred slightly reduced, nP? slightly increased, and ST 55 58 09060204 5508
pP°? remained nearly constant. Pedestal energy R_div (m) R_div-R_SP (m)

Wea was nearly unaffected at lower n.. However, £1G. 7: Divertor heat fluz profiles at peak
some additional degradation of the pedestal T, was ELM times in the SF-minus configuration.

noted in highly radiative SF configurations, leading to the pedestal energy reduction.
Changes in the magnetic shear and weak changes in pedestal pressure gradient did not

apparently affect the stability of the peeling-balooning modes, as only small changes in
ELM frequency (about 10%-20%) were detected with the SF.

The SF configuration led to the reduction of ELM energy and ELM divertor heat
fluxes both at lower n. and higher n. (at radiative conditions). The increased L; leads
to reduced target surface temperature rise as AT, ~ AWgrar/\/Ta, where 74 is the ELM
deposition time which is increased at longer L [28]. The fast convective transport in the
low B, region driven by instabilities [I4] can lead to the ELM heat flux sharing among the
additional strike points. In radiative SF divertor experiments in DIII-D both the AWg
and the divertor qfeﬁg/f were reduced more strongly than in standard radiative divertor,
leading to the much reduced peak powers. Shown in Fig.[7]are representative divertor heat
flux profiles at peak ELM time in discharges with the SF-minus and standard divertors. At
lower n., heat flows to all strike points in the SF divertor and qfeﬁy is reduced, and nearly
eliminated in the radiative SF, both in the inner strike point and the outer strike points.

The peak divertor power was reduced in the SF-minus by up to 50-70%, and further

wo

" Outer
St. Rad.
SF-minus Rad.

(d)

SF-minus Rad.
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reduced in the radiative SF-minus by up to 50%, as compared to the standard divertor
[18], suggesting that enhanced radiative dissipation, geometric effects and power spreading

all played a role. The analysis of ELM plasma-wetted areas ALY = PEIM /qll where

wet
PELM g the divertor power received during an ELM, showed no systematic trends in the

outer divertor, and a reduced AZLM in the inner divertor in the SF configuration, both at
lower n, and at higher n, (radiative) conditions. A similar significant reduction of ELM
heat fluxes was also observed in the radiative SF divertor in NSTX [12].

In summary, the emerging understanding of inter-ELM and ELM divertor heat trans-
port in the radiative 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. The experiments demonstrated the SF divertor com-
patibility with high H-mode confinement, radiative divertor with gas seeding, and led to
reduced ELM energies, as well as divertor heat fluxes between and during ELMs. Radial
broadening of the parallel heat flux profiles suggest increased radial transport in the SOL.
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