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Recent DIlI-D experiments have examined several
tokamak scenarios under radiating divertor conditions

ITER Baseline Scenario  High Perfformance Long vs short outer divertor legs
(1BS) Double-Null plasmas

Stable radiating divertor  Maintain high A significant additional reduction

performance properties in divertor heating under radiating

Low divertor heating divertor conditions by lengthening
the parallel connection length L,

Dili-D
. T.W. Petrie/APS-DPP/Nov. 2013 Research Topical Area

o NATIONAL FUSION FACILITY
084-13/TWP/

Low divertor heating



The radiating divertor was applied to the ITER Baseline

Scenario plasmas

Setup
« ITER Similar Shape with qgs = 3.15

« By = 1.9 was maintained by neutral beam
feedback

Resulls to-date

« Stable radiating divertor resulted in a high
radiated fraction outside the core plasma
and low divertor heat flux

* The peak ELM heat flux and core dilution
were both reduced at higher deuterium
flow and density

« Greaterincidence of less benign tearing
<—pumping modes was observed at higher fueling rate

| neon and density
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Neon accumulation inside the IBS core plasma was

controlled by varying the D, and neon injection rates

The neon accumulation in the
core was strongly reduced with

| / increased D, injection rate (T'p,)

’rroce neon

I A A The neon accumulation in the
c 0 50 100 150 200 core was largely linear with the

r_ (Torrls) neon injection rate (I'yeon)

012 —

S [p, = 104 Torr I/s

= 0.08f . Disruption =2/ - «—Stable radiating divertor case:
N """"""" """"""" """""""" =4 A """""" | Prior/Pin=0.79

= N=19 PrsoLon/Pin = 0.64

Z 0 _ Py = 6.0 MW A" op ~ 2.2 MW/m2 —> 0.6 MW/m?
c 0 1 2 3 4 ' . T
(Torr I/s) pOI’TIO”y detached
N
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An increase in ELM frequency in IBS was matched by a

decrease in the ELM peak heat flux, as n, ;e was raised

These ELMs were characterized qiELM at the inner and outer
as type-1 divertor targets was comparable
100 — — ; 8§ ——
P (MW/m)
- ,ELM( ,,,,,,,,, R )
6 O S E— e Outer Target
\ ] (floor)
60 .‘ Inner Tafget
1 . N (centerpost)
o S | 1
2|
20 |
. ) P,NJ-4 6 MW B R T Y
— Iy, =5-150torr I/s QL em * Nepep™
0 L I'eon = 0. 35 iorr I/s 0 I
5 6 7 8 9 10 5 6 7 8 9 10
Nepep (1077 M3) Nepep (10" M3)
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Greater incidence of less benign tearing modes in the

IBS was seen at higher fueling rate and pedestal density

Tearing modes account for about
half of drop in Hgyp athigher n pp,

Steady n_, was well below ng

12 25 per Chang Callen beli model*
n, (1 019 '3 H | o ’rearmg
( ) . | 89P ‘modes
] 3'\"}(2) DE N . ch,,P reduced by 10% WlTh ’rearmg
® 4/3 - Bn=1.9 modes present at lower N pep
0 ¢ 54 - Py=4-6MW 1 consistent with Chang-Callen
0 40 80 120 160 200 5 6 7 8 9 10
19 m-3
I'y, (Torrl/s) Ne pep (1077 M3)
D=0 o perie AP DR A o1, Chang.Z., Callen, J.D., Nucl. Fusion, 30 (1990) 219.
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The radiating divertor was applied to high performance

unbalanced double-null divertor (DND) plasmas
pumping Setup

D « An unbalanced double-null plasma was
biased slightly toward the lower divertor
(dRsep =-5 mm) in order to optimize
particle control

* By = 2.9 was maintained by neutral beam
feedback

« Applied ECH power was =3 MW for 3.5 s

Results to-date

« Heat flux was substantially reduced in the
lower (primary) divertor by a combination
of D, and neon injection, and good energy
confinement was maintained.

umping . peak heat flux in the upper outer

neon (secondary) divertor increased during D,
and neon injection, if B was held constant.
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Temperature in the lower divertor fell as n_, was raised,

but it increased in the upper divertor, if g held constant

Density (10’ m-3) Temperature (eV)

15 ‘ ‘
[p, = 10-100 torr I/s 60 R
|N359‘ ]2 MW ; : : : ‘
| | Lower dlverior
| §cools |
10 nger anei | 40 /]
deerdutef
S| 1200 W
/\ Upper outer Upper dlverfor
R does noi c:ool
0 i \ a \ 0 ‘

3 4 5 6 3 4 5 6
n, (10" m-3) n, (10" m-3)
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Peak heat flux in the lower divertor fell as n_, was raised,

but it increased in the upper divertor, if g held constant

5 Density (10'"" m3) Temperature (eV) Heat flux (MW/m2) Hypothesis
rD2 = 10-100 forr I/s 60 - 4 Lower | With n increasing, must
Py = ? 12 MW o outer | raise P, to maintain By,
L Lower dlverior
R cools 3 Find:
Lower inner \ /| APso = AP~ APpcore >0
10 3 a a h 40
Lower (primary) Divertor:
Lo;/ver cinuter3 2 A PSOL—>LD <A IDR,LD
T = Both temperature and
5[ | 20 peak heat flux decrease
'\ 1 Upper (secondary) Divertor:
-/ Y AP > AP
/\ Upper outer Uppel‘ dlverfor SOL%UD R.UD
— does nof COO| ihner = Both Temperqfure and
o 0 ‘ o peak heat flux increase

3 4 5 6 3 4 5 6 3 4 5 6
n. (10" m-3) n. (10" m3)  n_ (10" m3)
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Neon and D, injection strongly reduced heat flux in the

lower divertor of DND with litlle degradation in H98(y,2)

Standard Radiating
Divertor Diverior

Hosty.2) 1.35 1.30
n/ng 0.41 0.56
Png * Pecy (MW) 8.8 10

Prror/Pin 0.25 0.60

qzr,our (MW/m2) 1.20 1.35

W 85%

Qlowm (MW/m2) 125  0.19

V 47%
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Increasing L, in the SOL broadened q,(R) profile and

lowered the peak heat flux at the outer target
No gas puffing or pumping

IIIIIIIIIIIIIIIIIIIIIIIIIII

15— |
-d. (MW/m2) |
I _ 1  ldentical core plasma
- Li-xpr = 25 m - but different L,,_ypr
_ Lixpr =17 m _
1.0 | * Flux expansion at the

‘ y outer target (Fg,;) differs:

lon ixVB 1 e Similar FWHM = 3.5cm
- - peak g, comparable

* Lixpr VS Fexp

N I — Modeling suggests that
"""" EE— cross-field fransport effects

14 15 :
are in play

S, 7 T.W. Petrie/APS-DPP/Nov. 2013
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Increasing L, yp; €nhanced heat flux reduction during

radiating divertor operation

Similar configuration but now with
active particle exhaust (B =1.9)

e Pumping Only (P, = 6.5 MW):
- Peak heat fluxes comparable

- Consistent with previous (unpumped)
result

* Radiating Divertor (P, = 9.0 MW):

- Expect increased neutrals and
Impurity presence along the
SOL between X-point and target to
Pumping enhance cross-field diffusion
1.8 « — 1. 2
Only 1.8 MW/m - Expect the longer L, ypr case to
produce a greater reduction in g

1.0 éRgi?,fr’;':? —> 1.3 MW/m? - Modeling to begin shortly
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Good progress in adapting radiative divertor to fusion

relevant conditions was made

* Radiating divertor operation in the ITER Baseline Scenario was effective in
reducing both stationary and ELM peak heat flux.

« High performance was maintained and heat flux was significantly reduced
in the primary divertor of an unbalanced DND during D, and neon injection.

- Temperature and heating in the secondary (outer) divertor
increased, under the B = constant constraint.

* Increasing L, y;; under radiating divertor conditions produced a substantial
additional reduction in the peak heat flux.

Diln-D
y T.W. Petrie/APS-DPP/Nov. 2013

13 NATIONAL FUSION FACILITY
084-13/TWP/



RESERVE

FIGURES
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Density and temperature near the inner and outer

divertor targets evolve differently with I'p, at constant g,

 Partial detachment at the inner * Tpow peak Of the outer divertor was
divertor was observed in all cases strongly affected by higher I'y,
 Partial detachment of the outer  Inner divertor temperature

divertor at highest two puff rates 10 increased with I'p, (higher P;)

10 i 1
—~ s TDIV,OUT I
? 8l o — - ‘ 1
& — 30 1= NI/
o |\ m,m S | >
©c ¢, J'J/S = —— 1L
™
~~ X
¢ ﬁ 20 .
< o
Salf /) P = e | = |
> DIV,0UT )
a ] = 10 | |
S 92/ | |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, n = 9 x 10" m
| | | | 0 | | I‘NEON = 0. 35 torr I/s
0 : ; i 1 ; 1 % i
0 50 100 150 200 0 50 1 00 1 50 200
I'y, (torrl/s) I'y, (torrl/s)
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The ceniroid of the divertor radiated power shifts from the

inner divertor to the outer divertor as I'p, is raised

P|N-D|V = 0’5 X [PlNJ B PR,CORE] ) PR,|N-D|V POUT-DIV = 0'5 X [PlNJ B PR,CORE] - PR,OUT-DIV
o L/"J‘ o -—— /////153151@ : ‘5‘48‘540‘0‘ ] , \// \ u/\f/;\ LA S S e B B e
\\//; — - :\77/ \
- ~ —
| |
\ w\g:\;\\\\\ms/ S AT 715{\{@‘\‘ ﬁ:\\‘j‘s‘;w"’/‘ el ] 715\\\%\*‘\\‘\\‘\“1\;‘ S AT
I'p, =20 torr /s I'n, =40 torr /s I'p, = 104 torr I/s
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Tearing modes triggered during heavy D, gas puffing

degraded both particle and energy confinement

By 5~ By Was maintained by NBs
gi,s_M/WWW under feedback confrol
120° - Heavy deuterium gas

+1T'pg (torr 1/s)
:m / injection for almost 3 s

127q (MW/mz‘m

- Peak heat flux at the inner
target tfracked ELM activity

é Th2rms (a.u.)

, n | I ALNMLLMJ Lhbd ko bt gk bt 1o

- Substantial 3/2 tearing
mode triggered at 4.7 s

SELL

0.8 n./ng - Density rolled over after the
Al 0.71 0.617 ]  3/2tearing mode appeared
o'zaiiitEWM -~ 1 dropped =10% affer the
oL Hgop=1.97 1.73 1.568" 3/2 tearing mode appeared
0 20 40 6.0
t(s)
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An increase in v, was matched by a decrease in the

peak ELM heat flux, as n. pgp Was raised

These ELMs are characterized M. oo 24
Qem,peak < Ne pED

as type-1
100 ! } 1 ; | i ! 8 i
v (Hz MW/m
A ELM‘( rrrrrrr ) ———— """"""" """"""" """"""""""""" ‘ qELM PEAK ( | )
6 | — """""" Outér Tafget
| | (floor)
.‘ “Inner Target
1 (centerpost)
4 T T T N : s i
o — f
~Fyy= 5‘ 150 torr I/s Outer Target (BE) |~ -
0 I FNEON =035forrl/s | (floor) I
5 6 7 8 9 10 5 6 7 8 9 10
Ne PED (1019 m-3) Ne pED (1019 m'3)
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=260% of the increase in the radiated power is found

outside the main plasma during neon injection
ueon (tl/s) 0.35 2.50

2 4 oo
11— Prcore/Pn 0.10  0.15
1.5 | 3 4 Pr1o1/Pin 0.8 0.79
S "]
é @ Le=23 (CER)
= , & " Allerecarson] = 0.8
= g - A[Zereneon] = 0.5
(&) | _ . oy . .
el =  Power split with increasing
a 05| l, ,,,,,,,, disruption-,,,j,,,,,,,,,, M 1 g I'veon CONsistent with
Bu=1.9 previous results at different
Piy = 6 MW | — lon BXVB, dRsep, impurity
Tp, = 104 torr I/s specie (argon), and pumping
o5 - >3 4" scheme, e.g., ref [1].
[1] TW. Petrie, et al, J. Nucl. Mater.
Ineon (Torrl/s) 363-365 (2007) 416.
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Jsa1 T, and n, profiles suggest partial detachment at the

ID target and attachment at the OD target

shot 153149 shot 153149
120 F ‘ ‘ ] 1203 osP |
100 JSAT LLSOPOJ 6003}@} 100 JT 4000 — 6000 msec
o E — | Ehsec o C21
e sof 123 £ 80R
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E ] E e E
20F = 20| =
Ok i e e i B El:'j:F s 3 Ok Ettl:l:l:l . .
0.15 0.10 0.05 0.po —0.05 —Q.05 o.po 0.05 0.10 0.15
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The increase in the radiated power during D2 gas puffing

occurs entirely outside the main plasma

4 — Y | At lowest I'y,:

i PR,DIV+SOL/PINJ - 060 =— 3 | - 225% of the power
Ennmmmaal - RN input is radiated outside
the main plasma

- Pr1o1/Piny = 0.50

d

At highest I';,,:

- More than half of the
power input is radiated
outside the main plasma

- Pr1o1/Piny = 0.69

10S+AIQ‘H

[p | /m =009 __ T ] n.=7-9x10"m-?3
1 RAD,CORE" " INJ — A
0 0 100 150 200 Py =19 - 2.9

D2 injection rate (torr I/s) T'veon = 0.35 torr I/s
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Hog(y 20> 1.3 and gy, = 1.5 could not be maintained at

the higher levels of density and I'p, studied

153682, 153685, 153686

4.0

N _ By was held
2.0 // - approximately
s O_ | constant at = 2.9
L n, (10" m-3 B
3.0 1 no/ng =0.40 - 0.60
8 O: D, INJECTION |
"L Pepep (kPa) | pedestal pressure

4.0 = decreased as n,
: 6_ - increased

| H —
ogl v 7 Hogyyp decreased 15 -

- 1 20% over this 'y, range
2.0

— 9miN \ - Qg difficult to
1.5- ——=—____" maintain at high I'y,
0.0

0.0 1.0 2.0 3.0 4.0 5.0

t(s)
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The poloidal location of impurity injection plays a

maijor role in the success of the radiating divertor

PFR injection GasC (shelf)

810 —

10— nebar_v2 153687 (EFIT01)

40107 f—

nebar_v2 153690 (EF,

210" — —
= —
3—  betaN 153687 (EFIT01)

T betaN 153690 (EFITOT) |

A AT

11— p—
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Ll el —
3—

o—

=

Oe— p—
10.1 ~
75— pfx2 153687 —
S e 153690 ]
25— -
0.0

6.3+10

4810'—  prad_core 153687 (BOLOM) —

3.2010°

prad_core 153690 (BOLOM)

1.6410°
0

26.9)

202p== spred_ne10/nebar_v2 153687

= spred_net0/nebar v2 153690
6.7
0.0l ol e
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Similar core properties for both high- and low Xpoint

cases during puff-and-pump radiating divertor operation

High Xpoint (154452) Low Xpoint (154459)

2.5
E ~72 By = 1.9 was maintained by
£ 3 neutral beam feedback
6.0”-5E : : : : :
N, =5.1x 107 m?3
N./Ng = 0.55
; D, + neon injection /Mo
2.0“5 ' ' ' E
: "2 Hggp= 1.3
: 4 Pn=9MW
0.0 ¢ 3
00 1.0 20 3.0 40 50 6.0
t(s)
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Longer L, ypr led to a more pronounced drop in the

peak heat flux during radiating divertor operation

High X-pt | Low X-pt
no RD| RD J noRD, RD
Ly, xpr (M) 25 | 25 17 | 17
By 1.9 119 1.9 1.9
lon B x VB ey 27 |27 | 42| a2
¢, | | o, (Torri/s) - | 150 - | 150
I'yeon (TOrr 1/s) 041 5 0.4 S
/ /| |Heor 148|128 | 1.55]1.25
V4 P (MW) 64| 92 sl 89
/ Pn—Prior IMW) | 3.6 45| 39| 3.4
: No/Ne 0.35] 0.55] 0.35[0.55
1.8 — NORD—1.8
\q P (MW/m2) e Consistent with previous expectations
\ e Cross-field tfransport enhanced along
1.0 RD 1.3 SOL of longer L, xp; during radiating
divertor?
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Radiated power for the high X-point was more evenly

distributed than the low X-point case

154459 @ 5440.00
T T T T T

N
1R\ (( \\\‘\‘
WA W

Peapior = 5.40 MW
Pean.core = 0.97 MW
Peapsol = 1.03 MW
P
P

= 2.33 MW

2 6 NATIONAL FUSION FACILITY

O g MW/m?

Ph =9MW
'y, =180 torrl/s
I'yeon = O torr /s
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154452 @ 5440.00
L B B B

Peanror = 4.74 MW
Prap.core = 0.99 MW
P = 1.83 MW
P

=0.69 MW

RAD,OD
RAD.,ID

| pm MW/m?3
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