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Abstract - 1. Introduction - 2. Experimental setup on LHD
» Divertor detachment is one of the crucial issues to realize a fusion reactor. EUV spectroscopy _
. . . . . . . . .- ) o ‘ spLiL 500 :' |':| 1\““ 8 :::I |}]1.I-L_-|:-|”1-
o F:ajult|tspEC|et5| |mp1:n]_c1r|ty Se|_ed|pg is ?r; al_:iuancedtuperatmn scenario to mitigate the Divertor heat load should be mitigated stably. 10 (,/‘/ : ;. D
daivertor heat foad for reatization o tUsion reactors. Furthermore, to handle the power exhaust, it is necessary to enhance plasma radiation \'\L)J_f Z '-J.-}
® |n the Large Helical Device (LHD), divertor detachment was successfully sustained not only in the divertor region but also in the upstream region with suppression of NBIZ2 o) | (U5 Resictive
using higher-Z (Kr) and lower-Z (Ne) superimposed seeding. dilution. Hcﬂmmm?;n 1,/\) - C_,V{ | bolometr
. . . . ) ) ) - ) e, i Y (total)
« Plasmaradiationcould be enhanced even at the upstreamregion in the edge plasma » Therefore, multi species impurity seeding of higher-Z and lower-Z impurities is BTR L Tt W aptat .: .
compared with Ne only seeded plasmas with suppression of impurity accumulation toward the proposed in JT-60SA [1]. Interferometer | b ey -%;';”;F'{I'f: D)
central plasma. Moreover, the COREDIV code predicted that additional Kr seeding is effective for & b S D T
' ECE (8) ¥ <] {F
® The pre-seeded Kr emission was drastically enhanced after the subsequent Ne seeding. divertor detachment [2]. :/) _ ' YAG
. . . ) e e . NBI #3 — =9 W Thomso
« Kratomscouldionize close to LCFS due to the reduction of edge 7_ by the Ne seeding. « In LHD, we have investigated detachment using Ne or Kr seeding individually [3-5]. SOXMOS N4 % [\(x. .f“v‘{:-,, e
» Thermalforce with inward direction should increase with the increase of the number of However, the Chara{:terl_ﬂlcs E_”c divertor detachment in multi-species impurity seeded _— |t~-i-m-~hf3m :H i;"‘*—'—‘?‘\x TANAKA, H. ef al, Nucl. Mater. Energy 12 (2017) 241-246.
impurity charge statesin the ergodic region. plasmas have not been investigated. ower) Resistive bolomeler  6)  (lower) Gas puff (Ne, Kr)
| - | | Thus, in this study, we attempted to superimposed seeding using Kr and Ne in
. Inwalrdtranspartdge to negative .‘E"' whl@h is generated in the ergodic layer afterthe Ne anticipation of experiments on tokamak devices.
seeding, could retain the seededimpurities. e« R=39m a~06m <Divertor probes>
+ Qutwardtransportdue to a steeptemperature gradient, which is generatedin the core plasma * The cooling rate of Ne has the maximum at the ;_N 30 eV. - V~30m?3 - 7/10 toroidal sections
afterthe Ne seeding, could suppress the impurity accumulation. On the other hand, the rate of Kr takes a local minimum at 7, ~ 30 &V, .« B~3T - L&R arrays / each section
it is expected that these impurities could enhance plasma radiation complementarily. e L/M=2/10 - 20 pins / each arra
+ Theseshould be keys to the enhancement of the Kr emission and the sustainmentofthe / / P / y
detachment. [1) GALAZKA, K. et al, Contrib. Plasma Phys. 58 (2018) 751-757.
[2] ZAGORSKI, R. et af, Nucl. Fusion 57 (2017) 066035. - A,=36m
® Nulti-species impurity seeding is more effective and promising for the detachment in [3] MASUZAKI, S. er af, J. Nucl. Mater. 438 (2013) 5133 - B=-275T
. . . . . [4] MUKAI, K. ef 2f, Nucl. Fusion 59 {2015) 083016. ] . .
fusion reactors with the prevention of the dilution. [5] TANAKA, H. et al, Nucl. Mater. Energy 12 (2017) 241-246. + Heating: NBl #1-#3
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PECH  Ne #147605  PECH  Kr #147672 ,PECH  Kr Ne #147708
% P NBLabs « Seeded amount: 0.09 Pa-m? g F_NBl.abs « Seeded amount: 0.024 Pa-m? g P NoLaos|_ P.rad * Ne was seeded 0.4 s after the Kr seeding
= P rad Flow rate: 1.8 Pa-m3/s = P rad Flow rate: 3.0 Pa-m3/s o, 4 R since the plasma response of Kr is slower
— 59 — 59 — f 28 ! than Ne.
P 25 . ' « The plasma was detached after the Ne A 25 . | | ' « The plasma response was modest. E n_e.bar 3
n_e,bar = . . . n e.bar \ - =

= ) 2 seeding and it continued fore 0.3 s. > - W_p 2 o . W p = « The plasma was detached after the Ne
o W o = o m = « <@gy,> decreased by ~ 43%. X 00 ' 0 i i : > 1
" i— P NRag . <gs.> decreased by ~ 90%. i e— _ _ . T e LOFS seeding and it continued fore 1 s.
_ 0 | div _ 0 | « Maximum f.qis 21%. 2 . .
> : : o = = * /.4 during the detachment was ~ 40%,
< | * Maximum /g is 56%. = T e. LOFS T ool T » 0.9 - 02 (10% higher than multi-pulse Ne seeding)
= | ] =i ) | & il . o ) S Q -

T Te LCFS Although NBI port-through power is pglt & ture - £, exp/ °E, 1SS0 E <q.div>
<" | | constant, Ayg sbs iNcreased with increasing e {W , % A _ | « <@gy, decreased by ~ 17% after Kr seeding
= %4 divd) M. 2y due to the increase in heating = N 510 M and drastically decreased by« 90% after

q_div>| Lo, q_div> = [ ] .

E 00 efficiency. S 00 3 e 7 N - Ne seeding.
—_ —_ | ol ey VIl } |
“E‘é GM * Tt exp/ T, 185002 0.7 “E‘é (}M - BWM * T oo/ T 155002 0.8 (10% higher than Ne
= V _perp (o« E_r, edge - =5 Voperp (o« E.r, edge) - E 0 only SEE[“I’IE)

Y i 8 _ =5 s V perp (= E_r, edge)

10l /x_\-/‘?j__\ | Lol k/k | :g 1 — « After the Ne seeding, both KrXIX and NeVIllI

05, E.edp/1 EISS04 0.5, E.exp/t EI1SS04 U'E:T E.EKW i emIsSsIions SUddEﬂ'}" increased.
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MUKAL K. of af, Mucl. Fusion 55 (2015} 083016. MUKAIL K. af af, Mucl. Fusion 55 (2015) 083016. MUKAIL K. af af, Mucl. Fusion 55 (2015) 083016.
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#147708 #147708, #147601-147605
6.0 10° e os o - » Due to Ne seeding, n. crs increased
L L r+iNe [ | - " '
& = only Ne n-T diagram | and 7. |crs decreased.
= 3 . ) A lation / shieldi £Cand F #147708, 147711, 147712
v 2 £ : _ ccumulaton / shielding o dn e 1] 1 —
5 04l . - R=36m _ 8000 . i N
E F 06— was evaluated experimentally. - When 7. 1crs b.was reduced below ~ 150
00 o= - E, shielding 7 = eV by Ne seeding, KrXIX was enhanced.
E} ok 0.5 | 0,7 « NBI heating, H plasma _ 6000 _,
E I;I\z |:|;.g "}* ol _:i. ll—_,-:n -‘ -. l 0.2 ) R i , ) K Str':_:"-lf] f':-._;[:.fi_t'ri:'f:"uf'ul':_:"-l :_:'{ } 200 L L::'"" :‘.. . .
® 5 o ST i 30 35 40 45 50 55 60 0.04 0.06 0.08 \ 0.10 P impurity accumulation e KA. =36m S[ =-2/5T7 2L I L E « When e, LCFS increased above ~ 2x10%°
2 C " -,.._____ o i k. - | ..-. A Ti I it t[P i ] . | | ax - 1 - | n r ] ]
8 i o me [s] MLy amotnt e o 04 J - _ i -4000 § m-3, plasmas were radiative collapsed.
a oy — _ « KrXIX and NeVlll profiles localized near LCFS. < dP.,/dt> 0 -> accumulation = | Not enhanced £
0.0 . : @
0.0 05 0 15 ion; w 03] ‘ > 100 -
/a0 @R=36 m Kr a.nd.NE Can.be mngd up to KrXXVi and NeX. S / e - : 2000 E. * Amount of seeded Kr and Ne were same.
oo s Radiation profile localized | /. min/ @00l ~ 0.8. Lo - o WShielding by positive £, (Dashed line) | c
0 F | — Radiation was enhanced in the upstream region compared 0.2 ' Shieldine by friction f _ di _ r,,-*":f” Szﬂ';z:f, : = .. 1crs and 7. (crs before the Ne seeding
= with the Ne only seedingunder the same 7,4 ~ 0.4. n wohielding Dy triction Torce in ergodic e 0 of these discharge were around border
53 | 0.1 {/ impurity shielding O region (Solid line) 0 1 2 3 o _ |
50 « 7. was recovered |14 /80| < 0.8 after £ = 4.7 s, while i il o grgudlc layer . [x 10'° m~?] between shielding-accumulation region.
c = . i . . . . .
s £ edge 7. reduction was sustained. 0.0 _ _ _ _ | | 3Shielding in high-power heating (O) ¢ LOFS A | it o .
@ = . . - - o
B 0 = Impurity accumulation could be suppressed. 0o 1 2 3 4 5 6 7 Increase of V 7; and Mach number = A small difterence in the 7. 1crs - /e Lors
c = | | N n LCFS (10"9m?) characteristics before the Ne seeding
+ Kr+Ne seeding needs a small amount of impurities e
compared with Ne only seeding to obtain a certain £ strongly affects the response of the Kr
rad-
= Kr+Ne seedingis effective and can prevent the dilution. NAKAMURA. Y. of 5/ Nucl. Fusion 57 (2017) 056003, enhancement.
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10. Kr penetration was promoted \ 11. Inward transport of Kr ions in ergodic layer f‘)
by edge 7, reduction due to Ne seeding was promoted due to Z increase <
Shielding Accumulation * Krwasionized near the LCFS but outside the LCFS.
#147708 - 147714 #147708 — #147708 - 147714 . . . .
510 , : £ 067 . = Inward transportin ergodic layer is required.
IE | (&, +02s)-(f,-01s) CG“iliiid | & . #147708, #147601-147605
° Kr enhanced (= @ ® /| * A7, (crs increased with the increase of oN : \M | + The parallel momentum balance on impurity ions in
X, " 0= Ne, Lcrs before Ne seeding. 'f 0.66 | | . 1 SN the ergodic layer can be described as;
o | ' ' T nrorrm Tx 108 ;
& 100 F L) 1 (BT /gl [« 1D. J]
- - ' — Ne ionization was enhanced due to an < ¥ u j Nomsbretmtma T T 1 m; Wy, _ —laﬂ"‘%z.eﬁ,,
L%y : - .
< 05 increase of Ne accumulation at the S > 0.6 Kr enhanced ] ot n V?;f—Vf,s; ot or,
- ® . - LT e 91
E _0-05:_ | erg[:”:illc |ayer- H 3 ] v v = N + " N o v - v " - + B v - v IHI I_rl' + 0.712 as + 2.62 as
LT_.E [ * ¢ . : — 064 _' 3070/ %% [x 107 m™] /h_/‘\/’_\\ QISHI, T. ef 5/, Nucl. Fusion 58 (2018) 016040.
& . , _ I .
Hi_g_m_ \ ’. | « When n. crs before Ne seeding was 10} 1© : /"x_\ . After Ne seeding
< I ] above 0.8x10'® m=3, further A/, |crs ® : 0 : =
’ - LEFS S, . SN, S 0.63 N Y ' vy LT i
4000 bttt bbbt = (inward) slightly decreased.
3 - o ) ® & | decrease was observed and KrXIX 0.60 0.65 0.70 W 06 0.7 0.8 0.9 1.0 ”\—'V\Nj ne or ) slightly
: 1 .. i . i - . v _ It ,
S, - emission intensity was enhanced while Foge [M] N, Lors (tye — 0.1 8) [x 10" m™] -7,/ 0ry [keV/m] | Kr Ne E'.W?'S positive (outward) | |
> 2000 /' . the NeVIll ission intensit turated ' A Y T ST v' Friction force (outward) increased with the
£ A & ) |  NeVill emission ihtensity saturated. « The firstionization energy of Kris 14.0 eV. Time [s] increase of [Vn.| due to Ne seeding,
1= I A A KrXiX | . i = i i '
S 0 A o Nl The p05|t|or:1 where /. = 14.0 eV was shifted inward due to the edge 7, reduction ~ Thermal force (inward) should increase with the
06 .gf'l,rl - Igfgl - I{]fg. T 10 by Ne seeding. increase of Z since |V 7_| slightly decreased.
_ 19 -3 — Deeper penetration of Kr atoms due to edge 7, reduction by Ne seeding can be
Ay Lors (fye — 0.1'8) [x 107 m™]
considered as the key to the KrXIX emission enhancement. » -F after t=4.9s can affectthe sustainment.
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12. Accumulation of Kr ions can be prevented

, 13. Summary & future work Acknowledgements
by steep temperature gradient y &
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region, impurity accumulation toward the central operation scenario to mitigate the divertor heat niact
plasma was suppressed g R & Kr injection
o load for realization of fusion reactors. [
#147708 = Qutwardtransportoccurredin the central plasma —
5 | , , , * Inthe LHD, divertordetachmentwas successfully Ne injection
20 © ltis assumedthat IMpUrity sources can be o sustained using Kr+Ne superimposed seeding. " ufficient
s neglectedin |7/ ds| < 0.7 since plasmaradiation nsurticien
| —43s mainly occurred | 7./ &g > 0.7. » Plasmaradiation could be enhanced even at the Je. Lors No EHhaﬂ?eme”t
— ig S The radial particle flux "¢ of the impurity ion, £ is upstreamregion in the edge plasma compared reduction of Kr emission
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| SUDO, S. et al., Plasma Phys. Control. Fusion 56 (2016) 043001. « Multi-speciesimpurity seeding is more effective Kr ionized close to LCFS
and promising for the detachmentin fusion !
g ' » Since impurities penetrate from outside, Vn; inside reactors with the prevention of the dilution. Increase of inward transport
o . | ree/ @g5| = 0.7 should be positive (inward). _ o due to thermal force with increase of Z
0.0 0.2 0.4 0.6 0.8 1.0 » Furtherradiation enhancement ,
N seeding and the incressed VT, wes (diional Ne seedingwith moderatefowrate) '
sustained until the end of the discharge. &ep & dIv. pumping Sustained by
= Outward transport occurred due to the steep VT, /T.,. ” 8u5tamr;;|ent with fEEdb?CkCﬂdﬂ}ml o Inward transport: thermal force, -£
| | | . - Fast Thomson scatteringand/or ECH in the Outward transport: V7/ 7T
« The information of 7. and £ are required for detail edge plasma can be used.
discussion.
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