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Outline: Experimental studies of snowflake
divertor configuration in NSTX and TCV
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= Tokamak divertor challenge

= Snowflake divertor configuration o

= Snowflake divertor in NSTX and TCV = = |
» Magnetic properties and control - =l
 H-mode confinement and pedestal
 Divertor heat flux mitigation and partitioning
* Modeling

e Conclusions and outlook
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Various techniques developed for reduction of heat
fluxes g, (divertor SOL) and q,,, (divertor target)

- Pheat (1 - f?“ad)fout/totfdown/tot(l — fpf’r) sin o
qpk B ZWRSPfGQJp)\qH

f _ (Bp/Btot)MP
P (Bp/Btot)OSP

= Recent ideas to improve standard divertor geometry

e Snowflake divertor (D. D. Ryutov, PoP 14, 064502 2007)

o X-divertor (M. Kotschenreuther et. al, IC/P6-43, IAEA FEC 2004)
— Local (strike point) flux expansion

e Super-X divertor (M. Kotschenreuther et. al, IC/P4-7, IAEA FEC 2008)
— Local (strike point) flux expansion at large R (major radius)
- Being implemented in MAST Upgrade
- See T. Petrie et al., Talk O36 on Friday, 25 May 2012
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Snowflake divertor geometry is “advanced” w.r.t.
standard X-point divertor

Snowflake divertor Exact
e S d-ord I snowflake
econd-order nu divertor

Predicted geometry properties (cf. standard divertor)

- B,~0andgrad B, ~ 0 (Cf. first-order null: B, ~ 0)
Obtained with existing divertor coils (min. 2)
Exact snowflake topologically unstable

Deviation from ideal snowflake: o=d/a
- d —distance between nulls, a — plasma minor radius

Increased edge shear: ped. stability
Add’l null: H-mode power threshold, ion loss

 Larger plasma wetted-area A, : reduce qg,
e Four strike points : share q,,
« Larger X-point connection length L,  : reduce g,

« Larger effective divertor volume V,

Experiments: TCV and NSTX

| Lawrence Livermore
—a National Laboratory

ciner. Py, Pex

| snowflake-minus

snowflake-plus
D. D. Ryutov, PoP 14, 064502 2007
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Outline: Experimental studies of snowflake
divertor configuration in NSTX and TCV

= Snowflake divertor in NSTX and TCV
* Magnetic properties and control
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NSTX and TCV: Snowflake divertor configurations
obtained with existing divertor coils
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TCV: Investigate the characteristics of the entire
range of snowflake configurations <4

[F. Piras, et al., Plasma Phys. Control. Fusion. 51 (2009) 055009]
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= Variable configuration: vary location of X-points over a wide range
« All configurations are obtained under feed-forward control
» Experiments have so far focused on SF+

= |nvestigate possibility to distribute exhaust power on more than the two
strike points
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NSTX and TCV: Snowflake divertor configurations
obtained with existing divertor coils

ADNsSTX i

E N Poloidal field (T)
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NSTX: Plasma-wetted area and connection length
are increased by 50-90 % in snowflake divertor

NSTX

100—m™ : i ' : _ _ _
5 Bp/ Biot 5 28- ... Connection length (m) 3
0.10; Mic-) — Srowllake'| ISR OGS e, |
| | SOFFlux ;
_ Outer | - expansion E
strike 40;— :
0.01¢ point 4 54 E
S pomt .1 ob__ . . .
0 5 10 15 20 25 0.0 0.1 0.2 0.3
L_par (m) R-R_sp (m)

= These properties observed in first 30-50 % of SOL width (4,~6 mm)
B, angles in the strike point region: 1-2°, sometimes < 1°
«  Concern for hot-spot formation and sputtering from divertor tile edges

Can be alleviated by g, reduction due to radiative detachment and power
partitioning between strike points
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Close-loop feedback control of divertor coil
currents is desirable for steady-state snowflake

Snowflake tracking and the extrapolated X-point locations
\ Z '

QD NSTX
1.2 1 }}E}““"'

| = All configurations are obtained
VN \ : reproducibly under feed-forward

1.4 control in TCV and NSTX
= 15 = |n NSTX
N sl * Developed X-point tracking
_1.7' algorithm that locates nulls and
N\ = centroid
7z m | e Algorithm tested on NSTX
ry snowflakes successfully
* Implementing snowflake control in
M.A. Makowski & D. Ryutov, “X-Point Tracking dlgltal plasma control SyStem
Algorithm for the Snowflake Divertor” - Collaboration between NSTX-U
and DIII-D
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Outline: Experimental studies of snowflake
divertor configuration in NSTX and TCV

= Snowflake divertor in NSTX and TCV

 H-mode confinement and pedestal
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NSTX: good H-mode confinement properties and core
impurity reduction obtained with snowflake divertor

Standard, Snowflake NSTX
8 n_e (x10M9 mA-3
4_//)/’/’1 _ = 0.8 MA, 4 MW H-mode
0 X . k=2.1 5=0.8
;g_ ] = Core T, ~0.8-1keV, T,~ 1 keV
0ol ~ T (keV) - By~4-5

4l B_n - = Plasma stored energy ~ 250 kJ
of /waoﬁ)r\h ] = HI98(y,2) ~ 1 (from TRANSP)
0 ELMs

300| W mhd (k
200t - d (kJ 7 = Suppressed in standard divertor

100+ 7 H-mode via lithium conditioning

12 c_C (%) - ii-daeppeared in snowflake H-
R=138 cm 41240 = Core carbon reduction due to
Divertor Da (a.u,) * Type | ELMs
0 '\J\M « Edge source reduction

00 02 04 06 08 10 12 - Divertor sputtering rates reduced due
' ' : ' ' ' ' to partial detachment

6) (@)

Time (s)
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C

TCV: Snowflake configuration leads to an
improved kink-ballooning stability <4-

[F. Piras, et al., Phys. Rev. Lett. 105 (2010) 155003]
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2

H-mode threshold unchanged (power
and density dependence)

Modest confinement improvement (may
be due to increased core shaping)

Frequency of type-I ELMs decreases

« Experiment consistent with improved kink-
ballooning stability

« Even though energy loss per ELM
increase, the average energy lost through
ELMs decreases significantly
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Outline: Experimental studies of snowflake
divertor configuration in NSTX and TCV

= Snowflake divertor in NSTX and TCV

 Divertor heat flux mitigation and partitioning
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NSTX: Access to radiative detachment with
intrinsic carbon in snowflake divertor facilitated

8  Divertor peak heat flux oo 0 NSTX
- (MW/mA2) o
- 0.8 MA T
ST 1.0MA .-~ Bpg ]
| 12 MA P -
- -10a
O
4t el .
L D/ _ 7
- - D2 puffing _ - - g~
2 B R - . . +
Snowflake ¢, - =~ i
L ¥ ' - ’
L N ~ -~ . - - - -
O oo by | R R R R R R I |-1 |-|T|—| ||||||||| |
1 2 3 4 5
PsoL (MW)

= Snowflake divertor (*): Pgo,~3-4 MW, £, ,~40-60, q,,5.,~0.5-1.5 MW/m?

exp
= Low detachment threshold

= Detachment characteristics comparable to PDD with D, or CD, puffing
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NSTX: Significant reduction of divertor heat flux
observed between ELMs in snowflake divertor

- sigma : I : : 1 8(a) " Div. heat flux (MW/mA2) |
0.6 n 61 0.36 s - before snowflake i
0.4 B : : 1 ] I 0.57 s, 0.70 s - forming snowflake |

Tl 14124 i 0.895 s - radiative snowflake
I I ] 2fF } .
I I _: O | ,OSP ) . CHl gap ,,_:
] 3|b) Divertor C Il 2465 nm |

brightness
(x10721 ph mA-2 sA-1)
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Di\'/ertor C IV' A581 nm |
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—
I O
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i\)_l_u.l.l_u.u,
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Time (s) Divertor R (m)
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QD NSTX

Divertor C I
and C IV
brightness
profiles
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= Attached standard divertor -> snowflake transition -> snowflake + detachment

QdiVN 2 MW -=> OdiVN 12 MW -> QdiVN 05'07 MW

M Lawrence Livermore
National Laboratory
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NSTX: Impulsive heat loads due to Type | ELMs
are mitigated in snowflake divertor Ty

= H-mode discharge, W,,,, ~ 220-250 kJ
 Type | ELM (AW/W ~ 5-8 %) re-appeared

 ELM peak heat flux decreased

= Theory and modeling highlight (T. D.

primary
separatrix
lasma
acing
component
contour

Rognlien et al., P1-031) P o o VURRET
= Reduced surface heating due to 501 " ,,,,,,,, I i L
increased ELM energy deposition time I Heat flux (MW_/mA2>
: . : I at peak ELM time
. Convegtlve mixing of ELM heat fI.u_x in 151 standard divertor (0.354 s)
null-point region -> heat flux partitioning - forming snowflake (0.530's) |
between separatrix branches i forming snowflake (0.674 s) ]
10- radiative snowflake (0.899 s) ;

141240 |
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TCV: In L-mode o has to be small to activate a
secondary strike point <4

» Heat flux estimate from Langmuir » SF+ configuration: secondary strike
probes (LP) points are in the private flux region
500 =— = SF+ 43418 t=0.8 of the primary separatrix
oo}~ 115 ﬂ- a— \ = Sigma scan in Ohmic L-mode

T 200 5 | shows activation of the secondary

= 2 . .

2 0 ¥ 2 strike points (PSP3/P§P1~1O%) only

< for small values of sigma (0<0.2)
100 l ° SF+ o scan in L-mode

Ol 9 B ° I
i s | o |
_7 LIUQE, i :
Z-Zsp; " (cm) »v Ei:é 4t @
60 i) s o | :
LP . : c o _
50}=0.6-0.8 @ : S& 3 @
¢ v DA :
ERY / e
< T _{ 1 L. .
10 J ) : : < | Q)
e S — 0 i i : ; i
0 01 02 03 04 05 06

R-RLIYQE . . .
P35 (cm) x-point separation ¢
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TCV: ELMs activate secondary strike points at

larger values of o <4-
43454 » Measure transient heat fluxes
15 Norm. x'-point se'paration'o ' ' ' ' during ELMs in ECH H-
1\ 0~0.6 - modes with fast infra-red (IR)
i T = cameras
158 . : : : : : : : « Sampling time = 40us
100f - = Secondary strike point (SP3)
50 receives significant power at
0 | | | . | . | relatively large values of
1000 Ttile,ma)l (°C) HhR -> Sb 1 I I V|RI-) SP 3: sSigma +

” | ELMs consistent with poloidal
Psp3 (kW) beta-driven convection
100} m around the null-point
0
Time (s)

[D.D. Ryutov, et al., APS DPP 2011]

500
l lmmmmm = Power redistribution during
1
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Outline: Experimental studies of snowflake
divertor configuration in NSTX and TCV

= Snowflake divertor in NSTX and TCV

* Modeling
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UEDGE modeling shows a trend toward reduced
temperatures, heat and particle fluxes in snowflake divertor

2D multi-fluid code UEDGE -
Fluid (Braginskii) model for < 4!l

ions and electrons

Fluid for neutrals
Classical parallel transport,

anomalous radial transport

- D=0.25m?/s
~ Xo,;= 0.5 m?s
80
60t
40t
Core interface:
- T,,=120ev 207
*n,=4.5x10" 0 L2 < :
Rieoy = 0.95 0.00 0.10 0.20

recy

Carbon 3 %

I Lawrence Livermore
—4 National Laboratory
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0.4l

. Standard

#135481 00414_0 |

...........
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N WA

0.00 0.10 020
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o NN A O

o7 Snowflake
- 05 \\\\\\@ NSTX
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T i (x10421 sA-1) ]
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V. A. SOUKHANOVSKII, 20 PSI, Aachen, Germany, 23 May 2012 === 22 of 24



Snowflake geometry is a leading heat flux mitigation
candidate for NSTX-U @ NSTX-U

= Challenge for NSTX-U divertor 1o :
* 2-3 X higher input power (Pyg < 12 MW, |, < 2 MA 2l NegX-U ]
» 30-50 % reduction in n/ng o contour 4
e 3-5 X longer pulse duration E -
Notel PFSL % -
= Projected NSTX-U peak divertor heat fluxes up to -18 ;-,,m[ [l mm  NSTXU
25-40 MW/m? o PP ot BT Gimulation
02I | .O4I | I06I | ‘O.SI;; I;O‘ | I12I | .1.4‘ | I16
= Snowflake divertor projections to NSTX-U
opt|m|st|c Outer divertor heat flux
*  UEDGE modeling shows radiative detachment of ~ ~ 2013 nd_90:7pet logtTSTD)
all snowflake cases with 3% carbon and up to £ 15 s --Ptot-Prad (STD)
Pso~11 MW = /\ —Ptot (SNF)
*  Qpeax Feduced from ~15 MW/m? (standard) to 0.5-3 % 10, \\ --Ptot-Prad (SNF)
MW/m?2 (snowflake) £ 5 N
\ ® . TeT== o
:d:J 0 T T T

0 0.1 0.2 0.3 0.4
R-R_sep (m)

- .
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TCV and NSTX studies suggest the snowflake divertor configuration
may be a viable divertor solution for present and future tokamaks

. NSTX NSTX-U

— Core H-mode confinement unaffected, core carbon reduced
— Pedestal stability modified: Type | ELMs re-appeared

— Divertor heat flux significantly reduced
» Steady-state reduction due to geometry and radiative detachment
» ELM heat flux reduction due to power sharing, radiation and geometry

— Proposing experiments and control development at DIII-D, planning
snowflake divertor for NSTX-U @»

« TCV
— Can create a wide range of snowflake configurations
— Heat flux at a secondary strike point increases with decreasing o
- ELMSs activate secondary strike point at larger values of o
— Improved edge stability leading to less frequent Type | ELMs

— Current upgrades will improve heat flux measurements at the target
— Additional Langmuir probe array will also cover LFS strike point
— Improved IR system will allow ELM resolved measurements

- :
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Backup slides
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Impulsive heat loads due to Type | ELMs are

mitigated in snowflake divertor NSTX
D — e e e SRS : Steady-state At ELM peak
I Heat flux (MW/m”2) at peak ELM time ,
' 0.36 s - before snowflake "~ | b’ .
150 w 0.57 s, 0.70 s - forming snowflake ] \ 18
- 0.895 s - radiative snowflake o g
10 : \ =
5) . ‘
O ;n e | IR AR IR [ P L

= H-mode discharge, W,,,, ~ 220-250 kJ
« Type | ELM (W/AW ~ 5-8 %)

Temperature deg. C

0 200 400 600 800 1000 1200 |

A anll ‘ il
03 04 0506 0.7 08 0.3 04 05 06 0.7 0.8
M Lawrence Livermore R (m) R (m)
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