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ELM Pacing Obtained with D, and Li Pellet Injection

in Low-Torque ITER-Baseline Scenario (IBS)

D, pellet injection up to 9X natural fg
in IBS at applied torque T;;; ~0 Nm
— ELM pacing and mitigation observed

ITER operation at 15MA may need
up to 30X reduction of ELM heat flux

ELM pacing obtained with non-fuel
granule injection (lithium)
— Effective mitigation at high g5, low ng
— Mitigation not achieved in IBS

In ITER, D, pellets for ELM control might use
up to 40% of total allowed fuel throughput
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Upgrades of Injection Systems Enable Faster

Injection Rates with D, and Non-fuel Pellets

DIII-D 164568, 3. OOO s

1.5— : "

i 036
Sl a =0.79
k=1.85 |

- D, pellet injector (D2P)

— 3 guns, 90Hz with new extruders
— 1.3x0.9 mm (7x10'? atoms per pellet) Ug5=32
— Injection speed~100-150 m/s
0.5r
- D2P
 Impurity Granule Injector (IGl) 5 O =g

- L, C,B,C, 0.3-1.0 mm
— Up to 300 Hz (depends on size)
— 50-150 m/s (depends on material)

Inner Strike Point (ISP) |- ot ,
<Outer Strike Point (O‘.P)

1.5
> 15 > 25
R [m]
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Heat Flux Mitigation Obtained with D, Pellets

in ITER Baseline Scenario (IBS) at Zero Torque

1ol Electron density [10"° m™] (a)

5_/‘:”“ ‘ : : —{500

2 b
Peak Heat Flux lSF’ﬂWcm ] u 16 TSS No paci% g

|

Peak Heat Flux |SP [W/cm? ' (c) . ~
o2k Reat P R e 164573, D2P 60 Hz - fE'-M 60 Hz
| — Opea~50-100 W/cm?

bbbt

Peak Heat Flux SP [W/cm 3 (d)
164570, D2P 90Hz

Bn=1.7, Ag5=3.2, T;;;~0.0 Nm

Reference no D2P, fg ~10 Hz
— Qpeqk~350 W/cm?

500

0;_.4

I'| — Qpeak <30 W/cm?

Muu,—.o
Nlckel XXV line [a.u.] (e)
5t « No Ni accumulation with D2P
10500 2000 25'00 30'00 35'00

time [ms]
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Moderate Reduction of ELM Footprint Observed

During ELM Mitigation by D, Pellet Injection
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ELM heat flux ISP [W/cm"] ELM heat flux footprint width

| 4 ° °
No pacing similar to natural ELMs
I

/ ' « D2P 90 Hz

Footprint ~20% narrower

90 Hz (12X)
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Approximate 1/f; y Scaling of ., and AWy, Observed

500 ‘ - ' 60

Peak heat flux ISP [W/cm?] AW, o I
| 50
400] 'o/ No pacing
O

300 ég
200}
100}

0 o8 0% A o9

0 100 150 500

Atg,  [HZ]

90 Hz injection - g, strongly reduced at all frequencies
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High Frequency D, Injection Reduces Pedestal Pressure

164573, D2P 60 Hz 164570, D2P 90Hz
164568 No pacing

8 — . .
gl v {jower dwvertor) [a.u. |+ Increase of Da baseline by D2P
at | — Additional fueling from neutrals
ol | IR e it
" ) ----h.-ium “uu i
i t 6 °

| Podgg Po 7! lc ° Peped reduced by edge cooling

WW — At 90 Hz, pg pog ~20-30% lower

: 14
2000 25'00 3000 SSlOO 3

time [ms]
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High Frequency D, Injection Reduces Pedestal Pressure

164573, D2P 60 Hz 164570, D2P 90Hz
164568 No pacing 164574, Gas Ini.

Do (lower diveﬁor) [a.u.]

I

' Lo .
2000 2500 3000 3500
time [ms]

* Increase of Da baseline by D2P
— Additional fueling from neutrals

N A ®

*  Pepeq Feduced by edge cooling
— At 90 Hz, pg peq ~20-30% lower

- Similar pedestal parameters with
90Hz D2P and equivalent D, gas

— Discharge free from type-l ELMs
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ELM Pacing Obtained with D, and Li Pellets, in Low-torque

ITER-Baseline Scenario (IBS)

60
- D, pellet injection up to 9X natural fg 5ol

in IBS at applied torque T;;; ~0 Nm
: . ) 40 No pacing
— ELM pacing and mitigation observed 30%0

AW, [k]]

ITER operation at 15MA may need
up to 30X reduction of ELM heat flux

* ELM pacing obtained with non-fuel
granule injection (lithium)

No pacing
fam=12 Hz 1_’_‘
— Effective mitigation at high gy, low ng | | |
— Mitigation not achieved in IBS 15

Li granules {10
fam=38 Hz {5
In ITER, D, pellets for ELM control might use

up to 40% of total allowed fuel throughput O W aw B g
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ELM Pacing and Mitigation Demonstrated with Li Granules

By=1.4, Qps=4.6, T,;=3 Nm, P, =4 MW, fo,y~12 Hz (Not IBS!)

3 . 700 : .
os — Divertor Do [a.u.] 500 F;eak heat flux [W/cmz] (OSP)
|| — Ablation monitor [a.u.] | 160409, no pacing
2| | 500f @ €« :
160416, LGl 0.7 mm
1.5¢ ] 400t _
\
1t ] 300 u‘é‘\
0.5 L 200t “oos
Oan
OMLMML M_ 100 m]ﬂ:l%nh"-.__‘ |
0 1 O Y oo B2% T o -
0-5; 22 >4 0 50 100 150
time [s] 1/AtE|_M [HZ]
- EM trlggerlr.it?‘ eff|C|eIncY « At OSP Qpeak < 1/faum
Increases with granule size — AVISP, Qpeak 21/feim

— Pacing fg ,,~38 Hz (3X)
— Transiently fz,,~100 Hz (8X)
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Peneiration Depth of Different Materials Tested in IBS

Lithium, 0.7 mm Carbon, 0.4 mm B,C, ~0.4-0.8 mm

100 m/s 150 m/s 130 m/s

Bd

»

~
-
-
1

Li 1 670 nm Scm C 11514 nm B Il 608 nm

Distribution of granule ablation depth

o + B,C tends to shatter at LCFS due to
thermal stresses on sharp edges

06 C 0.4 mm

%>l 1i0.7 mm

041 |  C deepest peneiration (5-12 cm)

o3 ' — From measured ablation times and

02 ;H ﬁ ’ injection velocity, assumed constant

0.1} :

00 2 4 lé'_l "é_' '|IO—| '|I2
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Li 0.7mm Granules Optimize Deposition at Pedestal Top

Pedestal top Ablation model

0.5 : . . ]
Distribution of penetration depth (Li 0.7 mm) ° MOS.|' OF 0.7mm Li grcmules reach 3-4
cm inside the LCFS
0.4}
0.l | = New ablation model for Li predicts
moderately deeper penetration than
0.2} observed Parks, to be submitted
0.1} | = Pedestal top is 3 cm inside the LCFS
— MHD simulations find ELM triggered
05 . " : [ -é when pressure peaks at pedestal top
Radial depth [cm] Futatani, NF 2014
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In IBS, Li Granules Effective in Pacing, but not Mitigation

10_—?@019 m'—S] I ('a)_ IBS BN=‘I .7, Tinj=2'0 Nm, fEl.M ~ 25 HZ
Mmﬁ\
5t T N
«——nleclon ' 1 . Li0.7 mm, 100 m/s, 130 Hz

~

\

[ Peak Heat Flux - ISP MW/ (0) | — f.,,~130 Hz (~5X)

Ll

— Triggering efficiency >85%

165402 ‘HH

5} Peak Heat Flux - ISP |

I l | ‘ « Strong density pump-out
0 el ol R L sl [, |, — N lowerby 15% (v¥,eq ~3.5>1.3)
ergy confinement time T, [s] (d) _ 1. lower by 10-20%

MWWWW% 92 . Reduction of metals (Ni) in core

o[ Nickel XXV ine falu] | ©°
* During Li, large ELM remain
. . . — f~41 Hz (1.6X)

1000 2000 ti?ﬁg?msl 4000 5000 ~ Opeakie ~ Tpear PEfOrE and after Li
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Two Classes of Li-Triggered ELMs Observed: Large & Small

Wetted Area [m?] (ISP)
' No pacing 05

Li0.7 mm

200 , 400 600
Qe [Wiem?] (ISP)

- For large ELMs, g, and wetted area similar to natural ELMs
— Weakly dependent on Afg

- Lliinjection changes pedestal structure
— Lower ng g, higher T, o4 (dilution) , v¥,eq ~3.5—1.3
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Changes of Pedestal Affect Effectiveness of Mitigation

ELM pacing and mitigation with D2P obtained in zero-torque IBS
— Up to 6X increase of frequency with mifigation ~1/f¢

— At higher f; , mitigation correlates with lower pg 4 associated with
secondary fueling effects

ELM pacing and mitigation obtained with non-fuel pellets (Li)

— Ablation dynamics of C and B,C confirm importance of tailoring
deposition profile

In IBS, peak heat flux mitigation with Li is challenging
— Possibly associated with reduced v* 4

Fil, TH/P1-10
M3D-C!' simulations in progress to study conditions for ELM triggering

— Accurate extrapolation to ITER requires predicting changes to pedestal
profiles under repetitive pellet injection
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Back up slides
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For large ELMs, size depends weakly on pre-ELM period

1000 60
Peak heat flux ISP [W/cm?(a) AWy o ] (b)
800 165402, no pacing S0 _
165410, L_i 0.7 mm 40! o .
600! 165417, LI 0.7 mm ) o ° . o o
qmun 30 09 D{g i’& %o{f’)ﬁ'uun
_ = o 9.0
o i
ot
200 10} K4 0&" o 4
o § o
o
0 0
0 20 40 60 0 20 40 60
Ato [s] A\ FY [s]

«  Small ELMs don’t affect significantly pedestal evolution
— Consider only large ELMs (Qyeqr > 300 W/Ccm?)

- Small changes in ELM observables, across Atg ,, =5-50 ms
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Pedestal changes observed during Li injection can lead

to larger ELMs

800 —— 6 - -
(9 Li 130 Hz No pqcing
700 ©
—_ VA > 4
S, 600 Shp @
& 8 | Li130 Hz
g Egeo | -
s 500 ¢ 0 o
(o 8 93 o) (o) 2
400 -
No pacing
300 ' 0
5 6,9 J 8 4 8
ne,p o [10" m 7]
- Liinjection changes pedestal structure : T s oo
— Lower ng peq . higher T, o4 (dilution) | o M~
— Collisionality v¥,e4 ~3.5—1.3 I 19, @ Femmm™
= | 580 i = "
3 0.10 - 'zf. :
° ° ° ° ° ik 4 v4 O md
* Multi-machine scaling indicates = | | Fetas
H 0.05] ! &0 Ee .
larger ELM size at lower v* 4 ; . N
001 s 0l1 v (n'e‘o) 1 - '110
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High frequency injection of D, and Li pellets modifies

collisionality in opposite ways

Pedestal collisionality (nustar at pedestal top)

12
— Ref. no pacing Li
1o —Li 130 Hz
— Ref. no pacing D2P
— D2P 90Hz
8[| —— Gas
L 4 * :
v¥increases with
° 90 Hz D2P (or gas)
sy o MeIN
VY%
5"’@' LN v* decreases with
21 I 130 Hz LG

2%00 2200 2400 2600 2800 3000 3200 3400 3600
time [ms]
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Li-triggered ELMs show broad distribution of g,

1000

. . _
ELM heat flux ISP [W/cm?[)
I

800f 165411, Li0.7mm
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165411, Nat. '
600} 165402, Nat.

= ';I:f-' '.'I.I_IJ: 400
] 850° [ o 165402 No pacing 200 |
s o 165411 Li 0.7 mm |
0.5 ' ' 0 ' ' —
0 200 ) 400 600 80 100 120 140
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ELM pacing with C spheres achieved, not mitigation

10} Electron density [10'® m~2 (a) 1
| < IGI . >
- Peak Heat Flux - OSP [MW/m 4 (b)

sz L MMMIIMMWMMMM |

10[ Peak Heat Flux — OSP [MW/m] (c)
5T 165406 MN\ ““IH”“HH”H “”” ”H”HM 1

0 E ergy confinement tim T, [s] : (d)
5| Nickel XXV line [a.u.] (:e)_
: . | ooty

Radiated Power [MW)] (f)
W oA RPN
: ' : —0

1000 2000 3000 4000 5000

time [ms]
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110

0.4

0.2

ITER baseline scenario, q4;=3.2
— By=1.7 (feedback confrolled)
Pi=4-5 MW, T,;=0.6-1.5 N m
— fam~25Hz
C sphere injection 2.6-4.8 s
— 0.4 mm, 130 m/s, 60 Hz

C injection results in a combination
of large and small ELMs

— Overall triggering efficiency ~50%
(including events with qqq >30 W/cm2)

For larger ELMs, fg »~10 Hz
Jpeak Similar fo ref. shot
qpegk ~ qpeck Gﬁer |G| phcse

Reduction of core Ni
Similar confinement time 1, and P,

Bortolon / IAEA-FES, Kyoto/ 21 October 2016



Table of relevant impurity parameters

Li Li D2 Be B4C C glass B
susllmeiien) . 1.6 0 5.2 5.3 75 5.8
energy (eV)
Density - 53 0.53 0.2 1,85 2.52 1.5 237
[g/cm3]
ISRV 0.7 0.9 1.49 ] 05 05 05
[mm]
Electrons

249E+19 530E+19 1.04E+20 2.59E+20 4.67E+19 2.96E+19 4.22E+19

per granule

27.222 57.857 13.226 416.893 107.533 81.770 91.418

- Carbon, B4C, Boron, have higher sublimation energy than Li/D2
— Deeper penetration
— Larger impact on energy balance (might induce H-L back fransitions
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