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Divertor strike point heat flux mitigation using
radiated power loss and magnetic / divertor geometry

Radiated power loss Poloidal target inclination,
Increase viaVy,, L, . up-down, in-out fractions,
N divertors

A .
q L~ Pdiv _ PSOL(1 — frad)fgeo
e Awet 2 7-‘-RSPfeprqH

7 A I P
Increase ° Increase * Increase A, via
plasma-wetted divertor area at increased
area large Rgp radial
transport
= Divertor physics is inherently 2D or even 3D | '

: ncrease
— Para?IIe.I / cross-field transport and.t.urbulence plasma-wetted
— Radiation front (detachment) stability area via
— Neutral pressure / density distribution increasing f,,,

= Important engineering aspect — divertor coil layout
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Focus on magnetic geometry since early days of

tokamak studies. Some examples (R, L;, f
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Plasmas 16, 056110 (2009)
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H. Takase, J. Phys. Soc. J. 70,
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(2015) 053020
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D. D. Ryutov, J. Plasma
Phys. 2015, 81, 495810516
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Snowflake Divertor Configuration as a Tokamak
Divertor Power Exhaust Concept

D. D. Ryutov, PoP 14, 064502 2007;
PPCF 54, 124050 (2012)

LL Lawrence Livermore National Laboratory

Snowflake, 2"d order null
- B,~0,gradB,~0
(Cf. first-order null: B, ~ 0)
— B,(r)~r? (Cf. first-order null: B, ~r)
— Four divertor legs
Geometry benefits

— Higher edge magnetic shear

— Larger plasma wetted-area A, (foyp)

— Larger parallel connection length L

— Larger effective divertor volume V,

To maximize geometry benefits: dyy < a (A, /a)'?
Transport benefits

— High convection zone with radius D*

— Power sharing over four strike points

— Enhanced radial transport (larger A,)

To maximize sharing: dy, < D*~a (a §,,,, / R)'?
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Snowflake configurations obtained in NSTX and DIII-D
using existing PF coils for many energy confinement times

D NSTX NSTX
e B | — 1,=0.8-1.0 MA
35kA ]
| — B<0.45T
B — 3 divertor coils, pre-
B ) programmed
10 kA ]
: currents
— SFfor0.5s
“H - DIII-D
C — 1,=0.8-1.0 MA
4.5kA — B=2T
| — 3 divertor coils w/
2t s 05055 | control
0 05 1.0 15 R(m) — SFfor2-3s

Next slides: generalize snowflake divertor effects observed in NSTX and DIII-D
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Snowflake divertor compatible with H-mode core
and pedestal confinement, effect on ELMs vary

Standard Snowflake

Standard, Snowflake @ NSTX

8 n_e (x10"9 mA-3 =S Edge shear VVVV\]
4r L 5 |
0 X ‘
1.0 -
0.5+ T o(0) (keV i 151 A
e e
0.0 _e(0) (keV) 2m

- : 300 ;

| _n - { M WA | / \ l Wk
‘2" L ﬁ/ypwvvéqr\/‘ . S% s J - ‘ ’ ‘
O [ ] -1.5 L m“ 1 OO 156481

300 10 1.5 R(m) w 155479
200_W_mhd (kJ | T | -
100+ . d ik e Lyt
0
10 c_C (%)
5t N 1.0¢ T :
: R=138 cm i 05l R,
Divertor Da. (a.u,) . T_efped (keV) |
0 2000 3000 4000 5000 6000
00 02 04 06 08 10 1.2 Time (ms)
Time (s) = H98(y,2) ~1.0-1.2, B,~2. SF Divertor Weakly
= Pedestal stability affected by SF divertor, ELMs Affects Pedestal Magnetic and Kinetic
destabilized Characteristics, Stability in DIII-D
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Peak divertor heat flux significantly reduced due
to snowflake divertor geometry effects

Sta

ndard Snowflake
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40 :
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6 0.36 s - before snowflake |
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Divertor R (m)
]

L.

Due to geometry and
radiation
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| Conhectionl length ‘(m)
oot
SP4 N
L sPt
500 15 R (m)
' ' < >
Standard | - SOL width
24 e RO I
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| op . . | . -
5P | q_div (MW/m”2)
SP3 LB, s
I N
15750 15 Rm)1}f
Snowflake
O-" L L L L =
10 11 12 13 14 15

R_div (m)

« Flux expansion increased ~20%

- L,increased by 20-60% over SOL width

- Divertor heat flux reduced ~50%
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Snowflake divertor enables power and particle
sharing over multiple strike points

Z (m)[
Standard Snowflake 1.0 .
0.3 — -
_SP4
, SP3
A A SP1 Parallel heat flux (MW/m2)
r 1.0 1.5 R(m) _ '
100068 » 5 - = 7 80 Standard
1000 ;SPS J_Sat (A/ ﬁ __ L 60 B ooao Eata 4
L — t
) 40+ :
g ' 0 A = 2.40 mm
0.10 " 4 20+ 150684
0108 = : : W" = Qsp3 0= Snowflak =
q peak (SP3)/q_peak l1-1 \| b 80 - nowflake]
i 60 A,=320mm ... Data
01| 40 - — Fit 1
1'05 Mh il B Zq 20 155479 1
3 Ak (SF A SP1 0k - - : .
:q—pe I 2 ” -0.005 0.000 0.005 0.010
‘ Ul R-R_sep (m)
1 b b M"Wwl*w"‘*‘ﬂ”"'m‘m .
i’ b = Increased A, may imply
2000 900 e tmey 0% increased transport
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Snowflake configuration favorably affects radiative
divertor and detachment

Standard divertor Snowflake Radiative Radiative
10Ha) T a_peak (MWimA2) ‘ NSTX Standard Snowflake
: _ _ 03 Fbivertor heat flux (MW/mA2) |
ol f rad ~0.50

(b) Horiz. div. bolometer
ol chord (a.u.)

* Nearly complete
power
detachment

141241
141240

OO O L I 1 1 17
1.0 1.1 13 14 15
R d|v (m)
. Radiative

\ Snowflake

(c) Cll(a.u.)

[eviw/min]

\ | ) .“‘, [ ‘
T - o LNy
Tlme S) 1.0 1.5 1.0 1.5

* Natural partial detachment in NSTX . gjgnificant P_rad re-distribution
snowflake otherwise inaccessible

with standard divertor

— | —

00 02 04 06 08 10 s

00 S0 O} S 0¢ §9¢ o€

NA

 Decreased near null, increased
through leg
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Snowflake divertor reduces ELM energy and

divertor surface heating (peak heat flux)

primary
separatrix

cing
component
contour

207
15/

10}

‘Heat flux (MW/mA2)

standard divertor (0.354 s)

forming snowflake (0.674 s) |
radiative snowflake (0.899 s) 1

141240 |

0T\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\
03 04 05

CHI
gap A

06 07 R(m)

* Divertor heat flux

significantly reduced
during Type-l ELMs (AW/
W ~ 5-15 %)

LL Lawrence Livermore National Laboratory

50F

w400

at peak ELM time 120¢

forming snowflake (0.530 s) 10 F

&8y Standard Snowflake

Standard Snowflake

AW_ELM / W_ped AW_ELM / W_ped

*  Mostly for AWg, /W .4 < 0.10

* AT Eeiw/(Avet Tem )

* Increased tg =L /Cq peg
Weakly reduced Eg
A,oEM similar

w T. D. Rognlien et. al,

JNM 438, 2013, S418
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Developing the Showflake Divertor Physics Basis
For High-power Density Tokamaks

* SF divertor configurations compatible with high
H-mode confinement and high pressure pedestal

* Snowflake geometry may offer multiple benefits for inter-ELM
and ELM heat flux mitigation
— Geometry enables divertor inter-ELM heat flux spreading over larger
plasma-wetted area, multiple strike points

— Broader parallel heat fluxes may imply increased radial transport
— ELM divertor peak target temperature and heat flux reduction, especially in
radiative snowflake configurations

Outlook

SF divertor experiments performed in TCV, NSTX, DIII-D, EAST
Near term future: NSTX-U, MAST-U and HL-2M

LL Lawrence Livermore National Laboratory V. A. Soukhanovskii, 15t IAEA TM on Divertor Concepts, 1 October 2015, Vienna, Austria
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First pre-DEMO and DEMO device designhs with

snowflake divertor configurations

\ first wall and
% reference-
W divertor

T T
PF colls PF coils

(original layout + timized | t
additional coils) (optimized fayout)

\ / TF coil outer line
T

First wall

Optimized
separatrix

Original

Snowflake for DEMO

N. Asakura et.al,

Trans. Fus. Sci. Tech. 63, 2013, 70.

b Lawrence Livermore National Laboratory

separatrix  —>»
5 10 15 o 20
Snowflake for DEMO

R. Albanese et. al,
PPCF, 56 (2014) 035008

25 R (m)

CFETR

Y. Wan, SOFE 2013

Z. Luo et.al, IEEE TRANSACTIONS ON
PLASMA SCIENCE, V42, 2014, 1021
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Snowflake divertor is a leading heat flux

mitigation candidate for NSTX Upgrade @NSTX-U

7 (m) K T
-1.0 .
—12F NSTX-U -
i lasma- 1
I acing 1
14 [] components :
=
[ PF3L |
A -1.8 .
New center-sta PF1AH |:| . [ drrFaL
a . PFi1B PFIC [ ]
B,- >1T Puwe -~ > 12 MW -20f AL
l,. >2MA Pulse . 5 5¢ 02 04 06 08 10 12 14 R (m)
J. E. Menard et. al, Nucl. Fusion 52 (2012) 083015 - N'ew divertor coil
= NSTX-U Mission elements:
* Advance ST as candidate for Fusion Nuclear Science = Upper-lower snowflake
Facility divertors
* Develop solutions for the plasma-material interface
challenge | » = Supported by NSTX-U
* Explore unique ST parameter regimes to advance predictive . . .
capability for ITER dlyertor coils and. cgmpatlble
« Develop ST as fusion energy system with coil current limits
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Snowflake divertor is a leading heat flux

mitigation candidate for NSTX Upgrade @NSTX-U

i . 110
i 114%
: ] N
i ! 116
:_EE: HEHH 00600 _: 18
[E FFFFFFFI ) -sfde 135I1 11 600.000000 s
N N v 110
By- >1T Pygi = > 12 MW 1 : _:-1.6N
. >2MA Pulse. 5 54 i
J. E. Menard et. al, Nucl. Fusion 52 (2012) 083015 i s . 3
= NSTX-U Mission elements: - NN 110
e Advance ST as candidate for Fusion Nuclear Science - 1.2
Facility [ 1414E
« Develop solutions for the plasma-material interface 3 ] N
challenge 2 : 316
* Explore unique ST parameter regimes to advance predictive 118
capability for ITER g 1
 Develop ST as fusion energy system ' 05 10 15  R(m)
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Edge modeling predicts significant heat flux

reduction with radiative snowflake divertor @NSTX-U

Standard Snowflake

= Snowflake with 3% carbon B
P_div (MW)

5— :
= Wide density operational window as v g: :
low as n_/n;<0.4 ol _
| |
0

= Peak heat flux reduced up to 50%

BT . 2 25 3 35 4 45
stronger (cf. standard radiative . e (10M9 mA-3)

divertor) at lower n, ° [Total & div (MWm"2)|
= Less impurity seeding (argon or ;‘j |
neon) needed for lower peak T T

heat flux " R-R_OSPm)

0

= Multi-fluid code UEDGE 8!
— B,=10T,1,=2MA, Py =9 MW 6|
— NSTX-like transport y; .=2-4 m?/s, D=0.5 m?/s 4

p)

- g_peak (MW/m”2)

E. T. Meier et. al, Nucl. Fusion (2015) % 0'5 1 15 2 % Ar
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Backup

b Lawrence Livermore National Laboratory
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Advanced divertor magnetic configurations
(classified by appearance)

1. Multiple divertors, each with one X-point
2. Higher order (29, 39) null divertors
3. Divertor with multiple X-points

4. Long-legged divertors with multiple X-points

= Note on early concepts
— Envisioned before H-mode discovery (1982)

— Some concepts envisioned divertor for particle and impurity control only

LL Lawrence Livermore National Laboratory V. A. Soukhanovskii, 15t IAEA TM on Divertor Concepts, 1 October 2015, Vienna, Austria
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1. Multiple divertors: triple-null, quadruple-null
to share heat and particle fluxes

| N B S B B SR B B S 08B
sl E . 0.6 d
o v B X A
3t .- o2f[t ¢
2l E_Z(m)o‘-.,f%%zi
1l -
of o :
b o | -o4f
<21 « B - -0.6 [N
-3 _ : _ -0.8 R = F
_.4- - .
-5t A - R (m)
NI = Poloidal Divertor Experiment tokamak at
S5 67 8 9 1011 12 13 14 PPPL (1979 — 1983)
= D-shaped plasma, high triangularity
= Increased local shear = Significant contribution to divertor
- Enhanced kink stbility physics with double-null configuration

K. Bol et.al, Nucl. Fusion 25, 1149 (1985)
J. Kesner, Nucl. Fusion 30, 548 (1990)
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2. Higher order null divertors : larger region of very low
B, to affect geometry and transport

= Snowflake, 2" order null
— B,~ 0, grad B, ~ 0 (Cf. first-order null: B,~ 0)
— B,(r)~r* (Cf. first-order null: B,~ r)

— Four divertor legs

= Cloverleaf, 3 order null
— B,(r)~r

— Six divertor legs

D. D. Ryutov, Phys. Plasmas 14 (2007), 064502
TN

= Strong plasma convection

D. D. Ryutov et. al, Phys. Plasmas 20 (2013), 092509
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3. Divertor with multiple X-points: expand SOL
in the divertor region

. ‘expander.coils .. . . ... -

<L bundle coils -+ -
. o L .- flux b_m;\cjle_= .

]
Y

0
'O

b '
. .y
‘e .2
o O
B
. R

N
N
I

: 4 . \of;oidc\ “c'.»pi_(s o

N

N. Ohyabu et. al, Nucl. Fusion 5 519 (1981) N. Ohyabu, J. Plasma Fus. Res. 5 525 (1991)
= Doublet Il = Poloidal Bundle + Expanded
Boundary

Expanded Boundary

= Analysis of radiation, H-mode
compatibility, neutron shielding,
coil currents
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, net'tron div_er'_hf c}cﬁibe}f  ‘
" shielding /" “(=200m? surface areal

" Fig. 3. Bundle divertor proposed-for INTOR
: “ (M, F.A, Harrison-etal. .:J. Nugl. : - :
» . ~Mater, 93894 (1980) 454). ., - - . . -
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3. Divertor with multiple X-points: expand SOL
in the divertor region

W/
By

<—Null point [~ |

New
weror - [nboard
Divertor
Coils

Outboard
Divertor i SRS
Coils L :
H. Takase, J. Phys. Soc. J. 70, 609, 2001 M. Kotschenreuther et. al, IAEA FEC 2004;
Phys. Plasmas 14, 072502 (2007)
= Cusp-like divertor configuration = X-Divertor
— Coil currents acceptable for ITER-like — Small dipole coils under each
parameters divertor leg, inside the TF

— Potential to stabilize rad. front

@ Lawrence Livermore National Laboratory V. A. Soukhanovskii, 15t IAEA TM on Divertor Concepts, 1 October 2015, Vienna, Austria 22



4. Long-legged divertors with multiple X-points: increase
connection length, expand SOL

HEIGHT (METERS)

F. H. Tenney et.al,
J. Nucl. Mater. 53 43 (1974)

Conceptual divertor
design for Princeton
Reference Design

Reactor.
LL Lawrence Livermore National Laboratory

RADIUS (METERS)

[
A.V. Georgievsky et.al, 6th Symp Eng Prob
of Fus Energy, p 583, 1975, IEEE

75CH1097-5-NPS, Copyright 1976 ' F. H. Tenney,
. PPPLR 1284, 197
Long-legged high flux eport 1284, 1976
expansion poloidal Long-legged double null
divertor poloidal divertor
V. A. Soukhanovskii, 15t IAEA TM on Divertor Concepts, 1 October 2015, Vienna, Austria 23



Long-legged divertors with multiple X-points

. CROSS SECTION VIEW OF UWMAK-IL

CROSS SECTION VIEW OF TETR

R
CO“'S\\\TK)I MPS "-\_\-! i .
. :
198 YRRl
CENTRAL T8 N ;‘(‘JTAEI:'!;EMENT l .. * . I
S ® A e 2w
ml - m
| L
- :5. i
m R
VERTICAL .‘- o '-
FIELD COILS moom
™ -|-
TOROIDAL = .
FIELD COIL L JIE
 } -|.l
o
g e 1 / e
eois F}' ) ?,
L ’L’ ’m
L D20 L [‘ : ‘
R. W. Conn et.al, U. Wisc. Report B. Badger et.al, U. Wisc. G. L. Kulcinski et.al, U. Wisc. Report
UWFDM-114, 1974 Report UWFDM-150, 1975 WFDM-173, 1976

UWMAK-I UWMAK-III
UW Fusion Technology Institute conceptual reactor systems studies

Tokamak Enginering Test Reactor
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4. Long-legged divertors with multiple X-points

Nov 1978 -Original Proposal for Modification of PDX
from presentation to ERAB Review Comittee

T I ! | Simple internal coils, DOE Aggressive Proposals
PDX M
5~ Ip=2.0 MA
o -1 qlo) =1.0l
I = BMA o qla)=2.97
ar . . BURIAL CHAMBER 0=47¢cm
BP = 1.2T ///”6 ;\\\ - R/a=3l
w3k / ,”6:0//05//:/\‘?/A \ b/a=1.8
& /  NEF T 00—y AN <B>=9.9%
[, -2 ° o) D N\ A4 2
= [ 800, 7 \ B=13%
R RN . =1,
2r { 2 \:\\Q \ Al
I/ N . -
| 1/ .\\\ O \
|0y O .20 MW, 60keV, H,
' I H W\ O \ n0) 7. = 2.5x10% cm
| a i \\ \ i g & 2.5x cm’ s
NI \ -
- ; \ O o Ti(0) = 12 kev
1 B | JD iy | i ] \ J l
1 ‘ ’ ME?ERS ’ ° ! 8 ? <B>:= 1%
T. F. Yang et.al, Westinghouse Corp. WFPS-TME-055 1977

TNS reactor (w/ ORNL)
« Divertor heat flux 1-3 MW/m?
* Flowing liquid lithium targets for

heat and particle removal PDX Modification proposal

D. Meade, Private Communication
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4. Long-legged divertors remove interaction
zone away from plasma

= Conceptual design
Engineering Test
Facility

= R=5.6m

= a=13m

= B,=55T

= 1,=6.1 MA

= P\g=60 MW

= Poloidal divertor
— W target plates

— Cryo-panels for
particle control

LL Lawrence Livermore National Laboratory

DESIGN 2 - ELEVATION VIEW

EXTERIOR EF COILS

CRYOSTAT VACUUM

STRUCTURE POLOIDAL DIVERTOR
DIVERTOR MODULE e O A HBIN
TORUS BN 3
SECTOR l
"__ I. - : ] ) —
T PN
I gl o, A 1
1!’ L S liEE)
(i[: — L ; ol N - — ﬁ
REEEET DIVERTOR/TORUS
CRYO PUMP

P. H. Sager et. al, J. Vac. Sci. Tech. 18, 1081 (1981)
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4. Long-legged divertors with multiple X-points

AN EXAMPLE OF LENGTHENED CONNECTION LENGTH

AND EXPANDED DIVERTOR FLUX TUBE IN ST
4.0
A

\Z tm) T T T T T T T T T T T T ] \\\__y

ORNL-OWG 38-3095R Fzd

3.5

s0C— ' o I_]‘ ]
i DIVERTCR 3.0 @ X 7
: CHAMBER
350k E ]
00! 25| [] 1
N> 20/ *
1.5

1.0 | \

Z (cm)

0.5 1
R(m) -

s L ! L ! l . L ! .
0
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

\

P. M. Valanju et.al, Phys. B. LaBombard et.al, APS 2013,
o Plasmas 16, 056110 (2009) IAEA 2014
M. Peng, Steady-state Spherical . :
tokamah TST, _ X-point target divertor
Workshop on Edge Plasma for Super-X divertor ADX tokamak proposa|

BPX and ITER, 1991
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Advanced magnetic divertor configurations:
status of experiments

1. Dedicated experimental devices (1979-1986)
- PDX

« Doublet Ill Expanded boundary

2. Snowflake divertor configuration (existing devices with
existing coils, 2008-present)
. TCV, 2008
« NSTX, 2009
« DIII-D, 2012
- EAST, 2014

3. Long leg divertor physics (2010-present)
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1. Doublet Ill Expanded Boundary was the first
advanced magnetic divertor configuration

experiment

H}z INJECTION

e e /IMPURITY INJECTOR

5 )] 2mm RADIAL
i MICROWAVE
INTEFEROMETER
MID PLANE

= TO ION GAUGE

D‘\ SHAPING
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o . K3 "
. N~
. .

N
Y
|

= Stability of divertor
configuration with outside PF

coils

= Integrated power and particle
exhaust

— Reduction of intrinsic
impurities in the core

— Radiative divertor plasma
cooling with seeded argon

— Argon screening from main
plasma

= Compatibility with core

coiL ] % .
N % = 7 confinement
C3L_ =" N. Ohyabu et. al, Nucl. Fusion 5 519 TT981)
- — A.Mahdavi et. al, J. Nuc. Mater. 111 (1982) 355
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Snowflake divertor configurations obtained with existing
divertor coils, maintained for up to 10 t;

] Poloidal field (T) 105~ Stancard, S“°W"akei
E 0.5:— (MA) ]
1N : ]
1 0.0t (a)

11 20| |_PF1A (b)

-2 I -3 s 2)1)102542 ] OO 05 1 O R(m) ?8 - r‘/fb/_w i
S | | B_p (T) 0 11131(1)

0 1.5 R(m) 0.05 0.10 0.15 0.20 0.25 00 02 04 06 08 10 1.2
Time (s)
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Snowflake divertor configurations obtained with

existing divertor coils in NSTX

Standard divertor

0.905 ms

EFITO02 141241

Snowflake-minus

i
o

0.905 ms

EFIT02 141240

-2 NP 3 mm surfaces " { 3mm surfaces -
R AR P Ly P
0 05 10 Rm 0 05 1.0 R(m)
Al
= 4
N : 1
Bp (T) : Bp (T)
_2 i | 141241, 0.9|05S i N 141240, 0.905 s |

P R
10 R

1 1 _lllllIIIIIIIIII[II
(m) 0.0 05 1.0 R(m)

Bp (T) 1 I A S]]

Shot 141241, EFIT02,
time: 0.905 s,
normalized flux: 1.005

Lawrence Livermore National Laboratory

0.0 0.05 0.10 0.15 0.20 0.25 0.30

e

V1

Shot 141240, EFIT02,
time: 0.905 s,
normalized flux: 1.005

QD NSTX

o
o

o
o

o OO -=DMNDWw

R

4w O0000 N
OO0 OO phUIOONOO O

N
o

=

Standard divertor Snowflake

I_p (MA)

%

Elongation «

| Triangularity &

Strike point_
I flux expansion

. Conn. length (m) l ]
L psi_N=1.005 .

00 02 04 06 08 10
Time (s)
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Impulsive heat loads due to Type | ELMs are
mitigated in snowflake divertor NSTX

DO - R - Steady-state At ELM peak

Heat flux (MW/m"2) at peak ELM time

~-a

- 0.36 s - before snowflake )
15 0.57 s, 0.70 s - forming snowflake |
- 0.895 s - radiative snowflake

LR R Y 4

10l -

141240 |

= H-mode discharge, Wy,p ~ 220-250 kJ 4
Type | ELM (W/AW ~ 5-8 %)

4

Temperature deg. C
I |

0 200 400 600 800 1000 1200 |

0.3 04 05 0.6 0.7 0.8 0.3 04 0.5 06 0.7 0.8

. . ; . R (m) R (m)
@ Lawrence Livermore National Laboratory V. A. Soukhanovskii, 15t IAEA TM 0N DiVertor Cuiiccp s, + wutomar cuss, vicinig, musa a e




NSTX: Access to radiative detachment with intrinsic carbon in
snowflake divertor facilitated

8 [ Divertor peak heat flux oo =1 NSTX
- (MW/mA2) 0
- 0.8 MA P
° 10MA .- Bp
[ 12MA Ve -
- -3
O
4t i |
L D,//
g D2 puffing _ - - g~ |
2 N -7 | 0 ¥
Snowflake ¢, - =~ ne
X4
[ I~'~- ) 0 ——"¢
O IS R R A S R Lo v v [ |-| |-|T|—| ||||||||| |
1 2 3 4 5
PsoL (MW)

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

v Texp
= Low detachment threshold
= Detachment characteristics comparable to PDD with D, or CD, puffing
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Snowflake-minus and snowflake-plus configurations
maintained for 2-3 seconds in H-mode discharges

-0.5}

1.0t spa

'1.5- L1

Standard

150687 |
4240 ms
1 1 l

PR

* Acceptable deviation from exact
snowflake dg; < a (A, /a)'/3

where d — distance between nulls, a — plasma
minor radius, kq— SOL width

— dy,< 0.1 min SF-minus and SF-plus
— Cf. dy,=0.25-0.30 m in standard divertor

* Additional strike points

* Large region of low B,

— Shown contour 0.1x [B,|/B,™?
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Detailed ELM Analysis: AW(ELM) decreased,
W pedestal constant in SF

0 Flux Expansion 150672

a) Quter Divertor . . .
“1~ strike Point 71 Detailed ELM analysis before/during SF
of” 4 shows:

*I"b) Peak Outer Divertor Heat Flux (a.u.) ]
WM WJ}“M . Pedestal Energy (Wpcpesra) COnstant
L * Confinement Constant

% c) Divertor Dy, (a.u.)

i |+ Change in stored energy lost per ELM
ol | / (AW¢,,,) is reduced

l

Bd) — * Consistent with Loarte connection length

WWW scaling

' Confinement H(98y2)

0
) AWELM#

TN
| WMH H I’MHM\ WWM

2000

S. L. Allen et al., Paper PD/1-2, IAEA FEC 2012.

gl
(=]
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0.3

0.0

10.0f

0.5

L

NO

Increased Plasma-wetted Area Leads to
dpeqk Reduction In Snowflake Divertor

Standard Snowflake

[ W_mhd (MJ)

150676
155479

Div. P_rad (MW)

Outer div. power (MW)

Snowflake with dyy < 10 cm

Core plasma unaffected
— 5 MW NBI H-mode

— Stored energy and density constant
Divertor power balance unaffected

In outer divertor, g, reduced by
30%

Awet =21R fexp )\q”

d_peak (MW/m”2)
| i bR foay = (p B0 idptane
Lt ‘“H'H”“{1‘”""‘”"'1 it 1”' PN‘ 1‘” ‘H““ VI I 1 erp (Bp/Bt)Divertor
2000 3000 _ 4000 5000 6000
Time (ms)
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dyeqx Reduction in Snowflake Divertor
Partly Due to Increased A, ;and L

Standard Snowflake

.20

f _ (Bp/Bt)Mideane . F r
P ( B p/B t) Divertor (ql\ﬁ(\j/\l/\;m A2)
1or 1 1.0}
Strike
we  point
oL | . | . | i
1.2 1.3 1.4 15 0.5} -
R_div (m) -
Conlnection‘lengthl(m)- 00 ___,_J_\:_% 0 '
100| ._ 101112131415 202468 10
! ] R_div (m) R_mid-R_sep (mm)
« Flux expansion increased ~20%
_ — Depends on configuration, can be up to X3
SOL width | * L /increased by 20-60% over SOL width
. < > - Divertor heat flux reduced ~30%
0 55— « Parallel heat flux reduced ~20%

1 3
R_mid-R_sep (mm)
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Convective Plasma Mixing Driven by Null-region
Instabilities May Modify Particle and Heat Transport

Standard Snowflake

* Flute-like, ballooning and

) . - Divertor B_p
electrostatic modes are u
predicted in the low B, region - :
- B,=P/P,=8n P,/B2 >>1 _ .
— Loss of poloidal equilibrium N ¢
— Fast convective plasma .‘A" - ®
o
redistribution _ IO’ on
— Especially efficient during st I.I . ¢ -
ELMs when P, is large 0.000 0002 0.004 0.006
- Estimated size of convective R_mid-R_sep (m)
zone = Divertor null-region £,
— Standard: 1 cm measured by dwer’ror
— Snowflake: 6-8 cm Thomson Scafttering
— In snowflake, broad region of
_ higher ,>>1
D. D. Ryutov, IAEA 2012; Phys. Scripta 89 (2014) 088002. _ Hi gh er )ﬁ 0 durin g EL Ms
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Broader q,
Increased k

Profiles in Snowflake Divertor May Imply

adial Transport

Parallel heat flux (MW/m?2)

80t Standard -
60 F sao Data -
2l — Fit
20 + )»q =240 mn:50684 .
O i 2976 ms—
80+ Sndwflaké_
60 Aq=3.20 mm soe Data -
40 -

20

™ — Fit -
155479 7
4 ) 4588 ms

ok . ! ;
-0.005 0.000 0.005 0.010

R-R_sep (m)

Fit g, profile with Gaussian (S) and Exp. (Asq)
functions (Eich PRL 107 (2011) 215001)
Increased A, may imply increased transport
— Increased radial spreading due to L,

— SOL transport affected by null-region mixing
— Enhanced dissipation may also play role

LL Lawrence Livermore National Laboratory

2.0
1.5
1.0
0.5
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1.5
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Standard Snowflake

- —o —
_.‘ PN A_int (mm) ]
L] ¢ o
- OI | }\_SOL (mmj T
L™ ]
S ¢ ¢ p.
L _
_I."’ TS S (mm) |
_ e %

0.0 50 10.0 15.0 20.0 25.0 30.0

Inter-null distance d (cm)
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Peak divertor heat flux significantly reduced due to
snowflake divertor geometry effects

Sta n d a rd S n OWfI a ke ‘ ‘ Conhectionl length I(m)

Zi% z
Standard Snowflake NSTX T\&/ 1

30£="Connection length (m)
20_ '-.....

10 . - E
135498, 0.383 s 3

0 £ 135481, 0.414 s

80 10

: Flux - lisz;usmf:nmn 0 1R - 2 3 A 3
o . _mid-R_sep (mm)
60} expansion Inner SP
40F
z 0.2F - - - i D T
20 Outer SP
0.0 0.1 0.2 0.3
R-R_sp (m)
T T T r T L J 1 =
8| Div. heat flux (MW/m?2) ]

6L 0.36s -before snowflake i
I 0.57s,0.70s -forming snowflake | \/\”\’\/‘/J\/v\\/\/\

100 -

sssss §OL W>Idth

155470
C I

4l 0.895s -radiative snowflake 10.0L . . . E Ok . . . . 3
I -1.2 1.1 -1.0 -09 -0.8 10 11 12 13 14 15
5L | R_div (m) R_div (m)
| N ] - Flux expansion increased ~20%

: . . CHigap ==

03 04 05 06 07 - L, increased by 20-60% over SOL

- DivertorR((rjn) . width
eometry and radiation - Divertor heat flux reduced ~40%

LL Lawrence Livermore National Laboratory V. A. Soukhanovskii, 15t IAEA TM on Divertor Concepts, 1 October 2015, Vienna, Austria 40



Divertor Radiation More Broadly Distributed in
Snowflake for Radiative Divertor, q,.,, Reduced by x5

3 ‘ .Standqrd .Sno.Wﬂake B 0.3 JDivertcSr heat Iﬂux (MW/m2) |
Div. P_rad (MW)
%=

21 = .

' { > | R4
1 Cu ‘ ! ‘ P|SOL. = 3|-4 MW|_ OO Cl ‘ . . -

4 5 6 7 8 10 11 _12 13 14 15

Density (x10A9 mA-3) R_div (m)

 Detached radiative divertor
produced by D, injection with
intrinsic carbon radiation

* In radiative snowflake nearly
complete power detachment at
Pso ~3 MW
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SF Divertor Weakly Affects Pedestal Magnetic and Kinetic
Characteristics, Peeling-balooning Stability in DIII-D

Standard Snowflake
6 Edge shear W

)
|
1

a oOhs

IN

300
200

100

155481
155479

o —
o O OCo=pwh O

T_e’ped (keV)

2000 3000 4000 5000 6000
Time (ms)

At lower n, H-mode performance
unchanged with snowflake divertor

— Similar Ppgq, Wieq
— H98(y,2) ~1.0-1.2, B\~2
— Plasma profiles only weakly affected

Peeling-ballooning stability unaffected
— Sheary;, Qg5 increased by up to 30%
— Medium-size type | ELMs
— ELM frequency weakly reduced
— ELM size weakly reduced
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Reduced in

H-modes with Snowflake Divertor

Standard Snowflake

Standard Sn

owflake

40°
30¢
20"

155481

001 0.0
AW_ELM /W_ped

50 ~, Number events in bin ;

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

clarity

AW ELM/W ped =

..- t~| [ ]

l-i

'.l! .lllp

Small ELMs removed for

1.0
v_ee

* Both AWy yand AWg, w/W,.s  + Increased collisionality with
snowflake v* . =nRqgs/A,

weakly reduced

*  Mostly for AWg /W4
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Peak ELM Target Temperature and ELM Heat Flux
Reduced in Showflake Divertor

Heat flux (MW/m2
Standard Snowflake g o2t flux (WY Or';.t; 6
300 ; [ w | : | nner
® AT (deg. C) AT (deg. C) Standard Standard
= inner peak outer peak -minus
v anee B o
2000 L . @ | =

" Outer
St. Rad.
SF-minus Rad.

SF-minus Rad.

4815.96 150679
4827.05 150680
0 .

7/
/
7 155481

155479

0 %5300 02040608 -12 -11 10 09 0.8
00 01 02 03 00 01 02 0.3 R_div-R_SP (m) R_div (m)
AW_ELM/W_ped  AW_ELM/W_ped N
- In snowflake divertor * Type | ELM power deposition
AT ~Ep /(A Te g )12 correlates with t y
N é”rrfe(]: LeMd . we;LE;Aé * Inradiative snowflake, ELM peak
ELM I =s.ped heat flux reduced by 50-75 %
— Weakly reduced Eg,, . . .
A EM simi e Similar effect in NSTX
— AyeiM similar

S. L. Allen et al., IAEA 2012
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