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Significant heat flux reduction between and during
ELMs observed in NSTX and DIll-D snowflake divertors

Outline of talk -1095[
= Snowflake divertor configuration i
=  Snowflake divertor in NSTX

* Facilitated access to detachment 3118
e Heat flux reduction compatible with H-mode
=  Snowflake divertor in DIII-D 545

e Heat flux reduction compatible with H-mode
e Cryopump density control within
n/ng=0.4-0.75
e Detachment and ELM heat flux
= Projections for NSTX-Upgrade

= (Conclusions

Divertor heat flux from IRTV

20 40 60 80

Divertor major
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Snowflake divertor geometry takes advantage of B,
structure in second-order null region

= Snowflake divertor configuration Exact

snowflake
e Second-order null
- B,~0andgrad B, ~ 0 (Cf. first-order null: B, ~ 0)

e Exact snowflake topologically unstable
e Deviation from exact snowflake

- d= a(),/a)" where d - distance between nulls,
a — plasma minor radius, A,— SOL width

* Predicted properties
e Increased edge shear: ped. stability
e Add’l null: H-mode power threshold, ion loss
e Larger plasma wetted-area A, : reduce q,
e Four strike points : share q ya
» Larger X-point connection length L, : reduce q, Snowflake-minus

« Larger effective divertor volume V,, : incr. P, Snowflake-plus

* High B, convective zone D* < a (a B, / R)" D. D. Ryutov, PoP 14, 064502 2007;

EPS 2012 Invited, PPCF 54, 124050 (2012)
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Snowflake configurations sustained in NSTX and DIII-D for
many z.'s with divertor coil currents within safety margins

Standard divertor Snowflake-minus Exact snowflake

0.5 10 15

[ A A P |
01 0.2 03 04 05 M "
|B.p/B_pm | Standard divertor Snowflake-minus

= Divertor coil currents 0.5-4 KA
within safety margins

= Steady-state snowflake
configurations

.« NSTX:05s 5l RS = Wil ‘
. DIID: 3 s 10 15 20 25 10 15 20 R (m)

IB_p/B_pml

I\IJ, L

01 02 03 04 05
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e N TIOM  e——— A, SOUKHANOVSKII, 40 EPS, Espoo, Finland, 2 July 2013 === 5 of 24



Snowflake divertor in NSTX compatible with H-mode
confinement, facilitated access to partial detachment

= Graphite PFCs with lithium coatings
= [,=0.9MA, Pyg =4 MW, Pgo, ~3 MW
" Qpeax S 8 MW/mZ, g < 100 MW/m?

With snowflake divertor

= H-mode confinement unchanged
e W,,up~250 kJ, H98(y,2)~ 1, By~5
= Core impurity reduced by up to 50 %
= Suppressed ELMs re-appeared
= Divertor heat flux significantly reduced

e Between ELMs

e During Type-l ELMs (AW/W ~ 5-15 %)

M Lawrence Livermore
National Laboratory

QDNSTX

Div. heat flux (MW/m?)

0.36 s - before snowflake ]
0.57s,0.70s -forming snowflake |
0.895 s - radiative snowflake

IOSP

20 Heat flux (MWimAg) T
i at peak ELM time

150 standard divertor (0.354 s) |
: forming snowflake (0.530 s)
I forming snowflake (0.674 s) |

100 radiative snowflake (0.899 s) 1

50 j -

OT\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\
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In DIlI-D, peak divertor heat flux reduction by
50-60 % between ELMs due to geometry

Standard. Snowflake

| HeoL |
- 150676_

150674

=]

= Graphite PFCs
= [,=1.2MA, Pyg =35MW, Pgo, ~3 MW
" Qpeak S 2 MW/mZ, g, < 100 MW/m?

[Divertor radiated power (MW)

- NDO = N W

H . Ok
= Obtained snowflake-minus for up to 3 s 100|peadvercr

heat flux

duration over n_/ng = 0.4 — 0.75 using 1.0 MW”“” ! i LN R e
Cryo-pump fOI' denSIty COﬂtFO' 2'; Distance between nulls (m)
oL MW
0.2 ]
. 0.1
= |n lower-density snowflake H-mode 1 2 ® time (o) * ° °

e Confinement unaffected 2

Divertor heat flux (MW/m”2) at 4.809 s

- Divertor attached 1 —j/\l\’y A :
—_ 0 =X

Divertor P,_, similar to standard div. /W

at 4. S -

« Divertor heat flux reduced 39
- Plasma-wetted area increased up to 80 % 18 =
. . e 8-
— Connection length increased up to 75 % con gth

7

—

()

(@)
T

0.0 0.1 0.2 0.3 0.4
R_div-R_OSP (m)
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Heat flux in snowflake divertor is further reduced

during partial detachment in DIlI-D

= |n higher-density snowflake H-mode
e Density n./ng = 0.55-0.75
« Partial detachment onset (n,) similar in
standard and snowflake (preliminary)

0.8

02F 2
0.0

150679
150680

e Peak heat flux is up to 50 % lower in partially
detached snowflake vs partially detached
standard divertor

e Lower divertor rad. power broadly distributed

D_2inj. (a.u.)

in partially detached snowflake

0.0 & :
 No MARFEs 6 _ Eggtkﬂdd)\éefmf E
© (MW/mA2) _
00 Standard Snowflake 4r -
= / \_/ o ]
E U U - L | |
" O 3 4 5 6
-05} Time (s)

-1.0

150679 150680

4811ms | L
PR |

4811 ms

-1.5 Ll I

avAaNIN
1.0 1.5
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" Divertor heat flux (MW/mA2)
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In DIII-D, Type-l ELM heat loads reduced in
D,-seeded (partially detached) snowflake divertor

Standard

N

Snowflake

_——

= At lower density, heat flux channels close to

ny/ng= 0.45 Standard Snowflake

8 peak (MW/mA2) | | '

60 B
af -
of Qiﬁ u\d v
of =, . v . N
46 4700 4800 4900 5000 5100

Time (ms)
°[" Divertor heat flux maen e _
6 (MW/mA2) -
4+ _
ol 5 _
0= = ' . ' =
1.1 1.0 1.3 1.4 15

Divertor major radius (m)

M Lawrence Livermore
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primary and second separatrices during ELMs
e Additional strike points
= At high density (partial detachment), ELM heat
flux significantly reduced
50-75 % lower than in standard partially detached

3 . n_/n- = 0.60
Peak (MW/mA2) e/ G
2 |
1
0 .\L‘M‘ \L'\ Pt LL I H ‘ T Al L “}h IR L,,‘J“ ‘}, _k.),d,“».“ va \ k\ \ M-,H.
4600 4700 4800 4900 5000 5100
Time (mMs)
3 . :
Divertor heat flux
o | (MW/mA2) i
1L —
150679 at 4815.96
150680 at 4827.05
0 boo : . .
1.1 1.2 1.3 1.4 1.5

Divertor major radius (m)
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Snowflake divertor is a leading heat flux mitigation
candidate for NSTX-Upgrade @ NSTXU

= Predictions for 12 MW NBI
e 2D multifluid code UEDGE
* Pgo,=9 MW, 4 % carbon
e D,y tomatch kq
» Quter divertor attached

— T, T.<80eV
Outer divertor heat flux (MW/m"2)

15 Standard ]
New center-stack 2" neutral beam 10 Snowflake 1
B,—>1T  p,, —> 12MW ] ;
I, —> 2MA pulse —> 5s = ]

0 - “--"""w/lorad.~~----"=~_--- i

.. 0 10 20 30

= NSTX-U Mission elements: R-R_osp (M)

e Advance ST as candidate for Fusion Nuclear 5F ” ot T (MW 3
Science Facility b nner divertor heat flux ( n;talidard ;
* Develop solutions for the plasma-material interface 3E Snowflake_g
challenge of total E
e Explore unique ST parameter regimes to advance 1E IS 3
predictive capability for ITER N -~ __wlo rad. ST
 Develop ST as fusion energy system -5 0 o 10 520

M Lawrence Livermore
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Developing the Power Exhaust Solution for the Tokamak
with the Snowflake Divertor in NSTX and DIll-D

= Large zone of low poloidal field in divertor resulting in significant
geometry benefits for heat exhaust

= Steady-state configurations with existing divertor coils

= Significant peak divertor heat flux reduction between and during
Type | ELMs compatible with high H-mode confinement

= |nitial confirmation of compatibility with cryo-pump density control

= Potential to combine with radiative divertor solution

Favorable projections for NSTX-Upgrade with 12 MW NBI power

M Lawrence Livermore
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Various techniques developed for reduction of heat
fluxes g, (divertor SOL) and g, (divertor target)

Pheat (1 - f?‘ad)fout/totfdown/tot(l — fpfr) Sin o
QWRSPfGQZ‘p)\qH

dpk =

(Bp/Btot)MP
(Bp/Btot)OSP

Awet — 27TR fe:cp >\q|| fea:p —

= Recent ideas to improve standard divertor geometry
* Snowflake divertor (D. D. Ryutov, PoP 14, 064502 2007)
o X-divertor (M. Kotschenreuther et. al, IC/P6-43, IAEA FEC 2004)
o Super-X divertor (M. Kotschenreuther et. al, IC/P4-7, IAEA FEC 2008)
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Heat flux mitigation is more challenging in
compact divertor of spherical torus

= NSTX
¢ [,=0.7-14 MA, t e < 1.5, P, < 7.4 MW (NBI)
 ATJ and CFC graphite PFCs
e« P/R~10
* Qp S 15 MW/m?
* @ <200 MW/m?

mp— NSTX | DID

Aspect ratio 1.4-1.5 2.7
In-out plasma boundary area ratio 1:3 2:3
X-point to target parallel length L, (m) 9-10 10-20
Poloidal magnetic flux expansion f,,, at outer SP 5-30 3-15
Magnetic field angle at outer SP (deg.) 1-10 1-2

e O s /A, SOUKHANOVSKI, 40" EPS, Espoo, Finland, 2 July 2013 w15 of 24



Snowflake divertor configurations obtained with
existing divertor coils in NSTX

Standard divertor  Snowflake-minus 10 Standard divertor Snowflake
Trmo s 1 [ #y)\ 4 g 1 L ) »
: Y 4 ] - I_p (MA) ]
N i g 5 Ay 4 L ]
i e \ ] OO r N
EFITO2 141241 T EFITO2 141240
20 L4 BN g'%onﬁgjsrfaces— =" g'%omsgjsrfaces- 3r PF1B (kA) .
»il:-tl\B\\\\\xl\ | P I T;[:f’/m' :lnﬂ‘uj‘."l T 2 —
0 05 10 Rm 0 05 1.0 R(m) 1L
3.0
Tt 1 ] | Elongation k
E ‘ 25 =
A - Bo(T) 2.0 e
ol 141241,0?9(55 s)_ I 141240, 2.9053 ] 0.8 :Triangular' o :
Lovv v v v v by v 1a s Lo v v by v by vy a1y '
00 05 10 R(m) 00 05 10 R(m) g-gj
[ PN -
Bp (T) 0.0 0.05 0.10 0.15 0.20 0.25 0.30 82 L. A
Strike point
30 - flux expansion i
> 20 - .
10 - .
S ° |
- Conn. length (m) 1
%) 401" psi_N=1.005 ]
2 20_— . 5
0
00 02 04 06 08 10
Shot 141241, EFIT02, Shot 141240, EFIT02, Tlme (S)

nnnnn lized flux: 1.005 normalized flux: 1.005
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Snowflake divertor configurations obtained with existing
divertor coils, maintained for up to 10 ¢

T T | T . .
] Poloidal field (T) 10F 5 = S ta"da_rf’fnm"'ﬂak;
B o n | os; M) _:
f 00t (a)
] 201 | PF1A (b))
&
B (kA) \
] 10F &
X | /\—/ N
10 KA |
] 0 . . . . . .
] 4L 1_PF1B (kA) (c)
] 3L -
] oL .
] 1k _
O] 0 :
m 2_I_PF2L (kA) ( )
| \\\::_/i/}/ | il l 1#
I ‘ ’%L 4.5 kA 0
| L ; 0 3oL f_exp at X-pt STV (e)
o EE s | 00 05 1.0 R(m) 2 rﬂ"/’”” -
| Frm.l [ ‘L‘x‘x‘\\‘:u L1 1 | [ | | |- B_p (T) B mgig)_
0O 05 1.0 1.5 R(m) 0.05 0.10 0.15 0.20 0.25 0 00 02 04 06 08 1.0 1.2

Time (s)
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NSTX: Plasma-wetted area and connection length
are increased by 50-90 % in snowflake divertor

NSTX

100mMm™—mm—m—————————— : i _ _ _ _ _
: Bp/ Biot ; 28_ “....Connection length (m)
| i — §tandard ” | 10: \ :
0.10} Mid- — ‘Snowilake”| | E{azign o _ —
| | SOFFlux :
_ Outer | - expansion E
strike 40;— 3
0.01¢ point 4 54t 3
L ponmt 31 o0FE__. . : :
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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Snowflake divertor configurations obtained with
existing divertor coils in DIlI-D

Vv NN R
1 \ ~
N I
efit03
150685 149736
5100 ms 4563 ms

22 _ :/ . ~ Z “L
i\l Ideal snowflake f\\ L Snowflake-plus SN/ Snowflake-minus

3 ,___1

3

h

1 -3565

©

o

o

]

o

0

™

9150685.05120

20

M Lawrence Livermore
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Snowflake configurations obtained from the standard

divertor using an algorithm developed at NSTX

1.5
1.0

0.5}

0.0

1 1 1 1 1 1
— ot —t ko

= 2000000 Nyhvm oo
NOOOOYRNON 1O 010 0100

F1_p (MA)

;‘ \:

149738

Z_in_SP (zvsin, m)

T1_F8B (kA) —

| T

: R _out SP (rvsout, m)

R_Xpt (rxpt1, m)

|_F5B (kA)

snowflake

: Z_Xpt (zxpt1, m)

1000 2000 3000 4000 5000 6000
Time (ms)

1000 2000 3000 4000 5000 6000
Time (ms)

Grad-Shafranov equilibria modeling of possible

configurations

Inner and outer strike point positions controlled by PCS
using F4B and F8B coils

Secondary null-point formed and pushed in using F5B

M Lawrence Livermore

National Laboratory

149737
EFITO3
5000.52

MDSplus,

V. A. SOUKHANOVSKII, 40 EPS, Espoo, Finland, 2 July 2013 w20 of 24



Impulsive heat loads due to Type | ELMs are

mitigated in snowflake divertor NETY
S — e e e SRR : Steady-state At ELM peak
I Heat flux (MW/m”2) at peak ELM time ;
i 0.36 s - before snowflake "~ " | .
150 ” 0.57 s, 0.70 s - forming snowflake | \ 3
— 0.895 s - radiative snowflake T g
5+ 1 |
O ;l c e Lo v vy | N Ll v |

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

Temperature deg. C

0 200 400 600 800 1000 1200 |

X

4 J | :
03 04 05 06 0.7 0.8 0.3 04 05 0.6 0.7 0.8
M Lawrence Livermore R (m) R (m)
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Good H-mode confinement properties and core
impurity reduction obtained with snowflake divertor

300 F - =
L W_mhd (kJ)
200 -
100 [
i 141241 | -
0 14.1240
0.6 -
0.4
02 -_(b) Snowflake
0.0 = : : : .
7 + Total carbon inventory - -
6 (x 10M X
2l (x 10M9) - [
4 B L[] L[] =
5[ _‘__,«-""‘:":":-:::‘::-'-:"-.'-"-:'-" e e ]
I~ o % © ) ° —
8_:(C) “""w : : |
5 Divertor Da (a.u.)
4 L
3 L
2
UECIBSUPRSUTUS N
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

M Lawrence Livermore
National Laboratory

NSTX

0.9 MA, 4 MW H-mode
k=2.1,0=0.8

Core T,~0.8-1keV, T,~ 1 keV
By~ 4-5

Plasma stored energy ~ 250 kJ
H98(y,2) ~ 1 (from TRANSP)

ELMs

= Suppressed in standard divertor
H-mode via lithium conditioning

= Re-appeared in snowflake H-
mode
Core carbon reduction due to
* Type | ELMs

« Edge source reduction

« Divertor sputtering rates reduced due
to partial detachment

V. A. SOUKHANOVSKII, 40 EPS, Espoo, Finland, 2 July 2013 w22 of 24



Core carbon density significantly reduced with

snowflake divertor

Standard divertor Snowflake

1 5 ! j v
P_rad (MW) (a)

1.0

051

OO : ; Vv ‘:
8L n_C (R=103 cm) (b)]
6 (x10A18 mA-3) 1
At ]
2r et
of | 2
4| n_C (R=139 cm) (c)]
5 (<1018 mA-3)
oL
1L
0 T = T = T = T = T = T

06}

041

021

0.0 . . . . . .

00 02 04 06 08 10 1.2

Time (s)

M Lawrence Livermore
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@Ns

1.0
0.8

st~ P L
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O-=-= NDNwW o N

Good H-mode confinement properties retained or

Ref. SF RD SF+CD_4
" N_G

u CD_4 puffing

L W_MHD (kJ

LAl

00 02 04 06 08 10

Lawrence Livermore
National Laboratory
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ar | 0.10f
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100110120 130 140 90 100110120130 140
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0.400 s
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Divertor profiles show enhanced radiation and
recombination zone in snowflake divertor w/ and w/o CD,

10.0
1.0

q mA-
- 10
5.
4.
3| 0.5f
2.
;
| .
4| 10.0}
3.
| 1.0}
0| 0.1
: 1100.0 R
4.
3l 10.0
2 1.0}
| 01
0% ~1100.0 E
3.
2.
;
0
0

R_div (m)

M Lawrence Livermore
National Laboratory
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3 ) NSTX
2 0.400 s
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0 :

7 (n)

. 0.600 s
O ; ; ; ; ;

2 (0)

’ é%\ ! 0.700 s
Ol

1 1.5 (p)
107
0.800 s
05
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0.0
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03 05 07 03 0507 *Snowflake
R_div (m) *Radiative divertor w/ CD,
Snowflake+CD,
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NSTX: Access to radiative detachment with
intrinsic carbon in snowflake divertor facilitated

8 - Divertor peak heat flux O 0 NSTX
- (MW/mA2) o
- 0.8 MA T
°[ 1.0mA .-~ Bp
L 1.2 MA e -
- -0
O
4 R _
L D/ _
i - = D2 puffing _ - - g~ |
2 [ =" - m w7
- Snowflake ¢, - =~ e
L 1 .' ”
I o BT
O PRI RS S S N S R I T R T S N R Lvv |-. |-|T|—I ||||||||| |
1 2 3 4 )
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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Pedestal profiles very similar with and without SF(-)

 Slightly steeper and higher n_, lower and flatter T,

with SF- @l@

Electron Density n,

Electron Temperature T,

-0

S. L. Allen et al., Paper PD/1-2, IAEA FEC 2012.
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Detailed ELM Analysis: AW(ELM) decreased,
W pedestal constant in SF

Flux Expansién ' I 150672 '

| outer Divertr | Detailed ELM analysis before/during SF
shows:
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Change in stored energy lost per
ELM (AW ) is reduced

Consistent with Loarte connection
length scaling
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