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Various techniques developed for reduction of heat fluxes g

(divertor SOL) and Qpeak (divertor target)
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= Radiative divertor (partially detached strike point) is envisioned for
present and future devices (e.g. ITER, ST-FNSF) as the steady-state

heat flux mitigation solution
= Recent ideas to improve standard divertor geometry
e Snowflake divertor (D. D. Ryutov, PoP 14, 064502 2007)
e 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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NSTX Upgrade will address critical plasma confinement and
sustainment questions by exploiting 2 new capabilities

New center-stack

> Reduces v* = ST-FNSF values to understand ST
confinement

* Expect 2x higher T by doubling B+, I, and NBI heating power
» Provides 5x longer pulse-length

* g(r.t) profile equilibration

* Tests of NBI + BS non-inductive ramp-up and sustainment

Previous New

center-stack center-stack
e

New 2"d NBI

> 2x higher CD efficiency from larger tangency radius R,y

> 100% non-inductive CD with q(r) profile controllable by:
* NBI tangency radius

wF Tk .
N . * Plasma density

£ YN, i
» Plasma position MENARD, J. et al., Proceedings of the 24th IEEE
Present NBI New 2" NBI P Symposium on Fusion Engineering (2011);
Accepted to Nuclear Fusion (2012)
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NSTX-U scenarios with high /, and Py, are projected to

challenge passive cooling limits of graphite divertor PFCs

Preat= 12MW, Ip = 2MA, 4, = 0.5, Ry

v=0.5,A,m9=3mm
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= High /, scenarios projected to
have narrow A, - ~3mm

* At high power, peak heat flux =2 9MW/
m?2 even with high flux expansion ~60
with U/L snowflake

e Numbers shown ignore radiation,
plate tilt, strike-point sweeping

» Passive cooling ok for low-I, scenarios

* Long-pulse + high I, and power may ultimately require active divertor cooling
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NSTX Upgrade Scenarios
A
'd )
Device and NSTX-U NSTX-U NSTX-U NSTX-U NSTX-U NSTX-U NSTX-U <
scenario 100% NICD | Long-pulse | Max 1, | Max Ip, P, 100% NICD | Max I High fgs o)
Confinement scaling H98y2 | H98y2 | H98y2 | H98y2 | H98y2 | H98y2 | H98y2 | H98y2] ST ST ST ST ST ST §
Sy
Ip [MA] 1.10]1.02]0.90] 090 2.00(2.00f2.00] 2.00§ 150] 1.46] 2.00(2.00f1.11] 1.16 ‘g
Br [Tesla] 1.00[1.00§0.75]0.75] 1.00 | 1.00} 1.00] 1.00{ 1.00] 1.00] 1.00{ 1.00{ 1.00] 1.00 Q
Aspect ratio A (NARNA RNARNA ERARNA BNA BN ERA BN BRA RN ERA KR i
Ro[m] 0.93[093]0.93(0.93]093]0.93}0.93]0.93]0.93|0.93]0.93|0.93]0.93]0.93 (75}
Elongation 275|275 2.75| 2.75| 2.75 | 2.75| 2.75| 2.75] 2.75| 2.75] 2.75| 2.75| 2.75| 2.75 w
Pyar [MW] 10.0[10.0 5.0 | 5.0 [ 10.0[10.0]15.0]15.0f 60| 60| 6.0 [ 6.0 | 2.0 ] 2.0 W
Pre [MW] 00|00jo00|00fjo0]|o0ofj40|40]jo00f00f00]|00]20]20 E
Ping [MW] 0.00{0.00§0.05|0.08]0.23|0.37| 0.10 0.18} 0.00] 0.00{ 0.10{ 0.21] 0.00 0.00 <
Preat [MW] 10.0[10.0]5.05(5.08] 10.2( 10.4] 19.1] 19.2| 6.00/6.00] 6.10 | 6.21] 4.00 | 4.00 §'.
Greenwald fraction 0.50]1.00]0.50 [ 1.00§ 0.50| 1.00] 0.50] 1.00§ 0.50| 1.00] 0.50| 1.00] 0.50 | 1.00 @
ne-bar [10%m™) 0.54[1.00J044(088]098]|1.96]098]196]0.73|1.43]0.98|1.96]0.59]1.23 <
Ip flat-top time [s] 50| 50 |100[100] 50| 50f03|03]50]|50]50]50]50]50 "5
Tounent.redistibution [S] 1.04]|057]065|037]|1.37(079] 1.83|1.05}2.41]1.13]2.23| 1.05] 1.76{ 0.81 "
# redistribution times 4887|1527 |36]63]02|03]21]|44]22]48]28]62 g’
Stored energy [MJ] 0.68]0.54]0.36(0.33]0.96| 1.08] 1.35] 1.37]1.04| 1.00] 1.20| 1.26] 0.65 0.70 i .
B [%mT/MA] 54| 46|47 |42)42]|47]59|59]60]|60]52]55]49]50 Q=
Br [%] 103]| 82 ] 98| 88 |14.7[16.4]205|208]15.8]153|18.3[19.1] 9.9 | 107 8 E
q 68| 73|62[62]|37]|37]37|37]50]|51]37]|37]62]59 S X\
Power fraction to divertor 0.50] 050] 0.50] 0508 0.50 [ 0.50 | 0.50 | 0.508 0.50[ 0.50] 0.50] 050 0.50 0.50 D: g’
Rstike-point [M] 050] 050 0.50 [ 0.508 0.50| 0.50] 0.50| 0.50§0.50 | 0.50] 0.50| 0.50] 0.50 | 0.50 R; 'q:)
SOL heat-flux width [mm] 7989 |109[109 30| 30]30|30848]|50]|30]|30]|78]|73 "CT) o
Poloidal flux expansion 22| 22| 22220 62| 62|62|62022|22]38|38] 22|22 LS
Peak heat flux [MW/m?] 91| 8134|348 87| 88|162|162§90|86]|84]|86]37][40 DO
Time to Tprc = 1200°C [s] 61|76 44 | 44l 67 19 61|67]|71[68] 36| 31 d Lﬁ
Fraction of Tpgc limit 0.96]0.76] 0.24 | 0.248 0.97 1.00]0.91]0.92(0.96]0.16]0.19 0c c
)
S =
W 3
S I
mmm 40f19



Radiative divertor control options are affected by
NSTX-U plasma-facing component development plan

Possible progressions
A

= Developing PFC plan to

transition to full metal c \

coverage for FNSF-

relevant PMI development BN ‘ BN ‘ e ; e ;
= Wall conditioning: GDC, W

lithium and / or boron

coatings Qe

Baseline Upper All All Mo tiles AllMo PFCs Mo wall

= PFC bake-out at Mo divertor Mo divertor + W divertor

300-350°C 5 yr plan

Mo tiles

Radiative divertor elements affected by PFC choice:
 Divertor impurity gas handling and injection system A5 | sty grapnie
— D,, CD,, Ar with graphite PFCs and lithium coatings |
— D,, N,, CD,, Ar with refractory metal PFCs
* Diagnostic sensors for control
e Plasma Control System development ~ 1% thick $8 base B, with

%-20 screws
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Snowflake divertor geometry has benefits over standard
X-point divertor geometry

. : Exact
Snowflake divertor snowflake
e Second-order null divertor

" Predicted geometry properties (cf. standard divertor)

Experiments: TCV and NSTX

= B,~0and grad 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;,
Four strike points : share q,
Larger X-point connection length L,  :reduce q,
Larger effective divertor volume V, :incr. P4, Pcx

- »1 snowflake-minus
snhowflake-plus

D. D. Ryutov, PoP 14, 064502 2007
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NSTX: Snowflake divertor configurations obtained with
existing divertor coils

'Standallrd, anwflakg

E Poloidal field (T) e -
™ B B 0.5 (MA) 1
N 0_0_ (a)
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: I (KA) \
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| | 1\ "I_PF1B (kA c
Ofr 1 0.1 ] g_ - (kA) ( %
3 i [ oL ]
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Time (s)
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Plasma-wetted area and connection length are
increased by 50-90 % in snowflake divertor

wlon bbbl

00 Bp/ Biot zg_ “...._Connection length (m)
; _ §tandard » 10: \

0.10pMid-) — ‘Snowflake'l] ' Ei3aige 80

805 Flux . ¢

outer] BOFexpansion
strike 40F
0.01} Primar point 4 o0k
. X-point ) . \ ok

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

= B, ;angles in the strike point region:
1-2°, sometimes < 1°
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EFITO2 141241
0.905 ms b
3 mm surfaces

EFIT02 141240 7
0.905 ms 1
3 mm surfaces

EEAEL)
LTI
T |
HHH

(‘ .
Bp (T)
141241, 0.905 s
1 I 11

141240,0.905 s |

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

IIIIIII
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() __g/
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Shot 141240, EFIT02,
time: 0.905 s,
normalized flux: 1.005

B 80f19



Significant reduction of steady-state divertor heat flux
observed in snowflake divertor (at Py, ~ 3 MW)

| ' Stalndard inertorl Snowflake
P_div (MW)

Horiz. div. bolometer
' chord (a.u.)

141241
141240

i

JECTCT LT
06F 5 'L"Wﬂ,’r‘ﬁ'-‘;""‘:ﬁ‘lﬁl‘ic+7’y-}jo|:)ﬂ)mllm.0| i =

g . . H*ww'rvrrl I

§s001 1.0¢

03 ;_ | 1 e - E -

02£9-dIV (MW/mA2) Snowflake 01 LA i

00 02 04 06 08 10 00 02 04 06 08 10
Time (s) Time (s)

= Partial detachment at or after snowflake formation time
= Heat and ion fluxes in the outer strike point region decreased
= Divertor recombination rate and radiated power are increased
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Divertor profiles show low heat flux, broadened C lll and
C IV radiation zones in the snowflake divertor phase

8/(a) " Div. heat flux (MW/mA2) | .

6L 0.36 s - before sno\(Nﬂake ) | = Heat flux profiles reduced to nearly
I 0.57 s, 0.70 s - forming snowflake_ flat low levels, characteristic of

4 0.895 s - radiative snowflake

- i radiative heating

' | = Divertor C lll and C IV brightness

— % A ] profiles broaden

. . . CH'%p == . .

) - Sivertor C 11 2465 rm High-n Balmer line spectroscppy and

' brightness | CRETIN code modeling confirm outer

(x10%21 ph m"-2 s"-1) 7 SP detachment with T, < 1.5 eV,

' n,<5x 1020 m3

Also suggests a reduction of carbon
physical and chemical sputtering rates

(\O)
|

wo
|

Di\I/ertor C IVI A581 nm |
brightness 10'
(x10M9 ph mA-2 sA-1)

2 (C):

Bri (ghtness éph/cm"2/sec/nm)

ord R=0.52
-(R B9 B8

141240

03 04 05 06 07 3767375 380 385 390 395 400 405
Divertor R (m) Wavelength (nm)
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No leading edge PFC tile heating observed at shallow
magnetic field incidence angles

T(C) | (a) 360-365ms (b) 570-575ms (c) 700-705 ms (d) 890-895 ms
200 . ¥ i : 3
400 -
600
800
1000
; T ' ' csj;ahq[arc'j ' stahdar:j ' X ' ' ' csjf\a}gsltng ' X ' ' ' 3ta'nc%ar'd
NN - M RN 7 B SN 14
3t ; . E ’ 3
2 ¢ - SFD
ransition j
1t (0.570 s) (Scfggs s) 1
0} : ;
o y(deg)ii ~v(deg)i | N y(deg)ii N\ _/v(deg)
0.30.40.50.60.70.8 0.30.40.50.60.70.8 0.30.40.50.60.70.8 0.30.40.50.60.70.8
R (m) R (m) R (m) R (m)

= Reduction of g, due to radiative detachment is considered
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NSTX experiments compared standard and snowflake
divertors with and without extrinsic CD, seeding

= (Goal of the experiment — develop high-performance H-mode
discharge with reduced divertor heat flux

* Use highly-shaped configuration
- xk=2.1, 6=0.8, drsep=6-7 mm (similar to Agy, )
B x grad B toward lower divertor

* 4 MW NBI, /,=0.9 MA
— Reference (attached standard divertor)

— Snowflake divertor (partially detached divertor due to
intrinsic carbon radiation)

— Radiative divertor in standard geometry with CD,
seeding (partially detached divertor due to enhanced
divertor density and carbon concentration)

— Snowflake divertor with CD, seeding (partially detached
divertor due to enhanced carbon radiation in low T,
snowflake divertor)
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Good H-mode confinement properties retained or slightly
reduced with radiative divertor and snowflake divertor

0 Ref. SF RD SF+CD_4
N_G

0.8 | ] = 0.9 MA, 4 MW H-mode
0.6+ B K= =

0-2¢ IRYARY YRR - e~ U.0- i~
OO = . : —\ '- u ﬁN~4-5

300L \w MHD (kJ)

Plasma stored energy ~ 250 kJ

200
1001 = HI8(y,2) ~ 1 (from TRANSP)
N | | | = ELMs
| Ped. 7 eoff | ' ' | = Suppressed in standard divertor H-
3 - . mode via lithium conditioning
ol i = Re-appeared in snowflake H-mode
(C) | | | N = Disappeared again in snowflake

3 N C (x1:0’\1 9) with CD, seeding

4 -
2
0 .(d) . Reference
5. Div. Cll (a.u.) SnOYVf!ake .
Radiative divertor w/ CD,
? i Snowflake+CD,
O Bl toanlicr

00 02 04 06 08 1.0
Time (s)
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Core carbon reduction obtained with snowflake
divertor

C Vil density (x10219 mA-3)

i 0.00

R (
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0.400 s

0.600 s

0.700 s

0.800 s

= Core carbon reduction due to
 Type | ELMs
« Edge source reduction

» Divertor sputtering rates reduced due to

partial detachment

= Good divertor screening for puffed

CD,

Reference

Snowflake

Radiative divertor w/ CD,
Snowflake+CD,
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Divertor heat flux reduced by radiation and/or geometry
in radiative and snowflake divertors in NSTX

I I
g_peak (MW/mA-2) o
6 - eeee reference o |
O  SF divertor
(o] RD . °
S o SF+CD 4 - —
®e
4 L |
®
3 I ) |
o
2 — ‘ o 141522 —
% 141523
& 141536
1 B (o) ° 141539 ]
141531
141542
0 ' ' ' ' Reference
0 1 2 3 < O Snowflake
P SOL (MW) Radiative divertor w/ CD,
- Snowflake+CD,

@ NSTX-U |5 R2rence LVermOre o 1/ A. SOUKHANOVSKIL 39" EPS CONFERENCE, Stockholm, Sweden, 2-6 July 2012 wamm 15 of 19



Snowflake divertor with CD, seeding leads to increased
divertor carbon radiation

Snowflake Snowflake+CD 4

= 1,=0.9 MA, Pyz=4 MW, Pg,, =3 MW W_mhd ()

200 - 7
100 //AﬁW .
= Snowflake divertor (from 0.6 ms) . —

e Peak divertor heat flux reduced from .00y Div. Baimer 6-2

4-6 MW/m2 to 1 MW/m? 010l ™ _:
001 el s

= Snowflake divertor (from 0.6 ms) [Dv.Cll (au) | | '4 §
+ CD4 1.0F MJJMUW\T\ ]

* Peak divertor heat flux reduced from [ | N

4-6 MW/m? to 1-2 MW/m?

1 .
O " Div. q_pk E
. . . - 0 (MWIMA2) [l -
« Divertor radiation increased further | M &( -

y
Ot
0.

0 02 04 06 08 10
Time (s)
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Divertor profiles show enhanced radiation and
recombination zone in snowflake divertor w/ and w/o CD,

q (MW/mA-2)

(a)

OO - N W O—_NWH O2NWLROT O2NWOWPRALOI

' (Oi) 100.0

1.0

0.5¢

1l 0.0L
11000

10.0
1.0

0.1
1 1100.0

10.0

1.0
01

10.0

B10 Int. (W/mA2

(f)

10.0 ¢

10.0T

3

C Il (W/mA2)  C IV (x10A19 ph/s/cmA2)

0.400 s

0.600 s

0.700 s

0.800 s

Reference

Snowflake

Radiative divertor w/ CD,
Snowflake+CD,
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Summary of divertor profiles

= Divertor heat flux
* In snowflake divertor, flat ~ 1-2 MW/m? profiles due to geometry and
radiative heating
* |In radiative divertor, peak reduction in strike point region only

= Volumetric recombination
 Large ion sink in both radiative and snowflake discharges

« Larger in snowflake due to higher Lx (higher ion residence time)
v" lon recombination time: t,,~ 1-10 ms at T, =1.3 eV
v" lon residence time: T, = 3-6 ms in standard divertor, x 2 in snowflake

on —
= Divertor carbon radiation

« Cllland C IV are main radiators
« Both C Ill and C IV radiation enhanced in snowflake geometry due to

low T, and larger volume

Reference
Snowflake

Radiative divertor w/ CD,
Snowflake+CD,
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Impurity-seeded radiative divertor with feedback and snowflake
geometry are the leading NSTX-U heat flux mitigation candidates

= NSTX-U scenarios with high /, and P, ~10} .
projected to challenge thermal limits of [ NSTX-U
graphite divertor PFCs e o tour 1

» Single and double-null radiative divertors and E-M? :
upper-lower snowflake configurations N ol opa T
considered : == |
« Supported by NSTX-U divertor coils and -18 .‘mn[ l] ] NSTX-U

compatible with coil current limits L, PFBL priou PP Suianen

= Snowflake divertor projections to NSTX-U 02 04 08 o8 (m;o T2 14 s
optimistic

Outer divertor heat flux

 UEDGE modeling shows radiative detachment P_90=11.3 MW, nd_90=7e19 m’3

of all snowflake cases with 3% carbonandupto

= A --Ptot-Prad (STD
— Qpeax reduced from ~15 MW/m? (standard) to = 15 /\ ~ ot-Prad (STD)
0.5-3 MW/m? (snowflake) 29 ’a Ptot (SNF)
. A

. L . . x ‘.\ --Ptot-Prad (SNF)

= Snowflake divertor with impurity seeding for & 5 M

Pso, ~ 20 MW under study © P B i -

* 0 0.1 0.2 0.3 04
E. Meier (LLNL) R-R_sep (m)
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