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Summary and Conclusions: Common design issues for Power exhaust and Divertor have been investigated in JA and EU.

Requirements of f,,,/9" and the plasma performance determined divertor design concept:

Challenges of JA (steady-state): ITER-level f,,,/" (high HH) and larger P,.,/R =30-34MWm™ and EU (pulse): large f,,,™" (ITER-level HH) for ITER-level P..,/R, contribute to optimize future reactor design.
= Same leg length (1.6 m: longer than ITER) but different geometry (JA: ITER-like closer baffle, EU: rather open without dome and baffle) were proposed as baseline designs.

Power exhaust simulations of P, ,~JA: 250-300 MW, EU:150-200MW with Ar seeding have been performed, by using JA: SONIC and EU: SOLPS5.1, with similar g, profile width (4,,~3mm):

e Large divertor radiation fraction (f* ;%= P,,,%V/P,., > 0.8) was required to reduce peak-gige; (£ 1I0MWm2) and T in n P range (JA: 2-3x10%°, EU:~2.8x10°m) lower than ITER.
e Divertor geometry affected partial detachment profile.

Integrated design of divertor target, cassette and coolant pipe routing has been developed: water cooled ITER-like target (W-PFC and Cu-alloy heat sink) is a common baseline design.

* For a year long operation under DEMO-level n-irradiation, mechanical property of CuCrZr heat sink and Cu-interlayer is anticipated = restrictions of gyeet aNd Tgyface-
e EU has been developing W-MB target components to reduce stress and strengthen pipe& interlayer.

e JA: Two coolants to Cu-alloy heat sink for Target (200°C) and F82H heat sink for Baffle/Cassette (290°C) = Cu-alloy/interlayer concept and Operation-T_,,,,,: for DEMO divertor are common critical issues.
Joint studies on Plasma exhaust and Divertor design are extended to BA DDA Phase-Il (-2024).

Acknowledgments SONIC simulations were carried out within the framework of the Broader Approach DEMO Design Activity, using the JFRS-1 supercomputer system at CSC, IFERC, Rokkasho, Japan.

1. Introduction: Broader Approach (BA) DEMO Design Activity (DDA) 3. Divertor design and Power exhaust simulation 4. Design concepts for water-cooling DEMO divertor
s W-PFC & CuCrZr-pipe is common baseline design based on the ITER divertor.
Europe (EU) and Japan (JA) are undertaking joint DEMO Design Activities (DDA): Conventional design concepts in JA & EU are based on the ITER divertor: : ' : . : - _
JA-HT: Joint Special Design Team for DEMO (Rokkasho, Aomori), + Both DEMOs: Divertor leg is extended (outer Ly,=1.6 m: 1.6 times longer than ITER). ITER-like mc.)noblock target is the fllrst candldatc.e for hlghdheat Ioa.d |plasma fa'a;g component.
EU-HT: Power Plant Physics and Technology (PPPT) under the EUROfusion Consortium. - JA: Baffles cover divertor plasma for large P.,/R handling < EU: Open and shallow geometry (ITER- Remote .malntenance COREERK 151150 f:ommon Issue: JA |verto.r il ol we.lg E = 2
level P,/R) to increase tritium-breeding area and reduce weight & process for remote maintenance. ) Mec':hanlcal property of CU‘a”?Y ar?d .mterlaye'r'(l-z dpa) may firstly det.er.mlne PFC life time
The joint design work began in 2010 with the basic goals of: - JA: Dome and reflectors are installed to enhance the neutral recycling near the strike-point. (maintenance) unc.:ler DEMO n-irradiation condition, while coolant--temp. is increased (130-200°C).
— identifying the DEMO technical prerequisites and high level requirements; EU: Dome and reflectors are simplified (“liner”) to reduce fast neutron flux to cassette and VV. EU: R&D of ITER-like target to reduce stress and to strengthen pipe& interlayer.
: e _ : : , , _ . JA: applying ITER-like target near the strike-points (lower dose). EU DEMO divertor (2019)
— identifying the main design and challenges in physics, engineering and technology; SONIC (JA-DEMO) and SOLPS-5.1 (EU-DEMO) simulations have been performed : ;
— addressing the challenges and developing the foreseeable technical solutions; - Exhaust power (P...= JA: 250-300 MW, EU:150-200MW) is given at core-edge boundary. B DEMIOIL 1 10 DEMOIS, 161
— identifying critical R&D activities and issues to overcome the major design issues. _ ) , _ Numberoftatal easseties g o
= Final report of BA DDA Phase-l was published in 2020 Feb 5 DEMO:50NICisimulation ES) DEMO: SOLES simugtion Numberofdiverprimaintenance ports 19 12
I % \~-.P .?Lit,'/ JA-DEMO higher-x: 2 ‘ C-€ bound:%n‘»\ """ Reference: Weight of one cassette (ton) 11 23
« W\ corefde - Al Pouc =250/P,.,"235MW |5\ e 7| Poue= 1SOMW P, PFC & Heat sink W&CuCrz W&CuCrz
i e oundary TSep 25 3 ! 5 i 2 . i uCrZr uCrZr
JA-EU Broader Approach Phase-l Phase-Il (-2024) B (ta = 0.95 ][ oMo oL 2 BOWerscan: 5 ‘:a =it
AR ETN E TR T TR TN E TR T T _— P,..=300/P,,,~283MW P,..= 180/200MW £ Water T(°C)/ Pressure(MPa) 130/5 200/5 JA DEMO divertor (2020)
PA for DDA 1stinfermRep 2™IntermRep  Final R8 Dose on pipe/fpy (dpa) <10 <1.5 R Inner baffle
m ‘ Final Report of BA Phase-| & PFC & Heat sink W&CuCrZr (liner) W&F82H Sl
twicelyear LA D | % Water T(°C)/P(Mpa) 180/ 3.5 290/ 15
B8 o/ System codes/ DEMO scoping a Pre-concept. deSigna Concept. design 8 Dose on pipe/fpy (dpa) <10 <85 (
e s g 5 topics (Joint tasks) L , . /9 g Material EUROFER97 F82H A7
B o Critical design issues a g; Bli?lser;z rscenarlo Japan Home Team R (m) & Water T(°C)/P(Mpa) 180/ 3.5 290/ 15
'@ Safety research (3) Breeding Blanket S TR et een S material/fpy (dpa) <6 <3
_ﬁ YS‘; gefmtote maintenance 28 February 2020 Note) q,, profile width near separatrix is similar (4,,~3mm).
afety

[14] J.H. You, et al., Fus. Eng. Des. (2017). [15] J.H. You, et al., Nucl. Mat. Energy (2018). [16] Asakura, et al. Fus. Eng. Design (2018).

2. Common missions and similar size (8-9m) for JA and EU DEMOs SOL heat flux becomes large and narrow in DEMO simulations Design concepts of divertor water-cooling for DEMOs:
Optimization of two water routes is required. Coolant-temperature is a design issue.
Electric generation, Fuel generation, High duty-cycle, JA DEMO 2014 SONIC sim. for JA DEMO: T.s¢P & TP increase to 0.37 & 0.83 keV: 2-3 times larger than ITER T — o P ———— wr— s —
Remote-maintenance in high r?eut.ron dose, Safety, [g]s?c')‘;irt“;t; :It aF"uLA_EE/?];ESeZS?éﬁ‘ég = Ag/je+i ~3 mm for “standard” ITER values of y =1 m?/s, D =0.3 m?/s: A,;,= 3.4 mm in ITER [10]. .arcf ECR08 "Tg UECEERE RN r?m SIS Ee S A B S a.vm i spee. 5 .|n S
Plasma control & Power handling in long-pulse/steady-state. NN * Reduction to half values (y=0.5 m?/s, D =0.15 m2/s)=> A,/ is reduced to 2.6 mmi[12]. JA: W-MB with CuCrZr/F82H-pipes was arranged for Plasma Facing Components with high/low
Parameters JADEMO [1,2] EUDEMO[4] ITER(inductive) SOLPS sim. for EU DEMO: T.5® & TP increase to 0.25 & 0.73 keV heat load and low/high n-flux: T ,ojant =200°C is used for CuCrZr-pipe to reduce embrittlement [17].
< R,/a,(m) 8.5/2.4 9.0/2.9 6.2/2.0 = Jo//en™3 mm for lower y (= 0.18 m2/s), D (= 0.42 m?/s). * EU: T.ooiant is reduced (130°C) to increase the critical heat flux larger than 48 MWm-2 (for 150°C) [18].
= | : g : . [ # 180°C) for cassette (EUROFER97) to ensure sufficient fracture toughness at n-damage (<6 dpa).
% 4 13:5 31;; 13'710 U U= Note) DEMO qy..; profiles are still wider than Eich’s scaling[12] (~1.1mm) & GS model[13] (~1.5mm). C°°'a”:V(ater oy fo)r ( ) g ESii=6idpa)
= X9 : ' . N > i D Water route for ressurized water
§ Qos 4.1 35 2! i\ JA DEMO higher'K(SONIC)[].l]: EU DEMO 1(SOLPS): Lli T -'\ :'\\\§§Q§|(nner baffle C(%%%%Tgf coolin\g f?zr;)%%l-i-lpsﬁ;;
ﬁ I, (MA) 123 18.0 14 N : X Psep~235MW, neP~2x10°m3, reducing y & D Psep=150MW, n P ~2.8x10°m3 \;- ])‘ Outer baﬁlg///j?{\?\ e //
7 o A &
& By /B (T) 5.94/12.1 S ks S0 EU DEMO Aq//e+i N€Qr separatrix is reduced from 3.0t0 2.6mm Aq/fei ~3MM /
o Operation Steady-state  Pulsed 2 hrs ~400 s [3] Wenninger, et al. Nucl. Fusion 2017 ﬂgzg — )%//33 Xie=0.3 Y a=0.18 D=
g p [4] Federici, et al. Fus. Eng. Des. 2018 e 0 3 1 15 ==: 05/0.15 D=0.3 lie=0.18 D=0.42
S Pron (MW) 1462 2000 500 o ; 3-0. e |
£ [5] Federici. et al. Nuc. Fusion 2019. (keV) atmidplane  (10'9m™3) (Wm?2) near x-point ressurized water
o Pel,net (MWG) 250 500 - P 3 o 2I6 '''''' G (') 5) 3 keV)(1019m:3 :g[)ocygrfl:/lgg)es
O i - La//esis 2-6mm(y =0.5); \ i i
@ P...(MW) 83 50 73 (installed) il e A ' 5 (\e " %5 ) Exhaust opening
p \ ' peMid=2 8
S Q 18 40 10 | 4N ! pemid=2,
= ] o, g e
g PotPpy (=Ppeac MW) 376 450 173 2 y Timid=0.73 _______ Gassettefiner (EUROFER)
Prep (MW) i 228 2 1 e e B W-monoblock/F82H-pipe Inlet: 200°C, 16MPa | it 103%°c,u5h:|Pra-nplpe ‘ = :
- g [ 1.3 1.1 1.0 o B —— [refector-in (4mie) | | S i |
a_l) = \ Sl * et i e R [~y g outer baffle| | inner baffle outer target| |inner target shieling liner
Té, g B, 34 25 1.8 1 \\ “,Vnsep:o.sé Distance form separatrix (cm) 4} ;‘:t:; s:t 312;3‘; tsg t c:l;r:j;tel 423;::;: 33:/23 [ Domea.Sm/s) ¥ T6nli Toa : - gw - :
5] “g fas - — e "N PhEE [10] Kukushkin, et al. J. Nucl. Mater. (2013). ! ! e ’. ; lreﬂecw;ﬂty—wmm] ‘ ‘ assﬁf i
=3 fmdmai"(:Pradmai“/Pheat) 0.22 0.66 533 0 [11] Asakura, et al. Fus. Mat. Energy (2021). [ Outlet: 218°C | Outlet: ~320°C | | Outlet: 150°C I [ Outlet: variable |
i - - - ich, et al. Nucl. Fusi ; .
Note) Concept foreseeing steady-state (Flexi-DEMO: R /a, =8.4/2.7m, Py,,on =2GW) is recently proposed by EU [5]. DEi el ron soparcn) e e ol Eg} E'_CG;E;O:"‘:jucf_“:;‘;?o‘nzlejl)z). Note) Total Py, thermal:350MW +Pg uclear;: 120 MW is assumed.  [17] Li-Puma, et al, Fus. Eng. Des. (2013). [18] You, et al, Fus. Eng. Des. (2018)
Power exhaust concept and Plasma performance with impurity seeding JA DEMO: Divertor operation in low density (n.**P = 2-3x10°m) Heat analysis of W-monoblock and CrCrZr heat sink for JA DEMO
Heat load can be reduced within the operation range (g,, g < 10 MWm?2) for f* ,,4v~0.8 Acceptable power load depends on heat load components and target design
Line-averaged n. of both DEMOs is lower than that of ITER (1x102°m3) due to lower Greenwald- P T T T T T e R T T : o ) ) g
. 2 o : : , i : In each density scan, Ar seeding rate was adjusted to obtain a given f* .4 = (Prag®+P 2d*®')/Psep. Heat load profile (plasma, radiation&neutral, nuclear heat) is applied to ITER-like fish scale target:
density (n®W=0.68x101°m=3) = Fusion power (Psion) is restricted due to fuel dilution by seeding. . U st |aad 1o He wle 9.1 MW q 13.5 MWm=2to th
_ , _ _ * Higher-k (Psep,~235MW, f* 4@ ~0.8) reduces Grarget (< 6 MWm™2), and allow enough operation margin. peak heat load to flat tile (9. m?) corresponds to 13. m™to the wet area.
*JA-DEMO (steagy-s:ate): Higher plasma elongation (#55:1.65> 1.75) increases /5(12.3- 13.5MA), . JADEMO 2014 (P, ~283MW, f*_dv~0.8) e The peak heat load is a critical, i.e. just below recrystallization temperature of W (1200°C).
: : = : : 1 1 1 main — main ; sep ) ra . . 3 . . . . ..
s 6X1(.) m )'. Pras(1.5 1 7GW?' and radlatlon I?ss from main plasma (frag Pfd /PTat Decreasing detachment width, and increasing T,and T, of the attached plasma. Irradiation-creep/softening of CuCrZr-pipe (351°C) is also anticipated.
0.22-> 0.4) by increasing Ar seed (na./ne: 0.25-> 0.6%) with plasma performance of HHgg),~1.3, /~3.4. = peak-Gyaget is increased, and margin of the power handling (< 10 MWm?) is reduced. e Max. heat flux from the pipe to coolant (18MWm2) is well below Critical Heat Flux (35MWm).
"EU-DEMO (pulse): ITER-level performance (HHqg,,~1.1, y~2.6) in Xe&Ar seeding achieves + Lower f*,44"~0.7 (P,.,~235 and 283 MW) cases: Power exhaust by 200°C water is acceptable even for larger heat load on W (surface-Ty > Trecystalization)-
Petnet™0.5GW (Pei gross~0.91GW), and increases f,4™" to 0.65 in order to reduce P, to ~1.2xPy. = higher n =P (>2.3x10%°m" for DEMO higher-x; >2.7x10%°m- for DEMO 2014) is required. Temperature in MB target Heat flux from CuCrZr-pipe to water
_ . Monoblock structure CuCrZr W max.7,,~1200°C case = max.T,,~1400°C case
JA DEMO: higher xy5(1.75)& increasing Ar seed [6] EU DEMO1 for Pe|'net"0.5GW (2hrs) [3] Peak—q,argef at outer target _ ne("_"a) Psep=235MW/ fradV=0.78 Te=T_i(9V) (M) _Poep=236MW/ Fraq?=0.67 ev) iplsmahestfivg 0 (adtionand Max.T: 351°C Max.T: 1193°C Max.q,20.2MWm-2 Max.q: 24.4MWm-2
> . s 5 f*ragdiv [ detach(~12cm) ] i detach(~7cm) : .. neutral heat flux .
oo HHIIO1 290041y DESIGN PARES IRl Pogo! W i BHATSXESERAINE oMW  PADEMOG Gy L sl —y ]
(MW). ‘\.\’ :(MW)(r\szZ//m')) s __P__/R=14MW/m E; I PSep(1;f *raddiv)= Psep ~235 A e . E : cooling pipe _Y¥_ - E%.
- v ! G P R=17MWim [ MW . ] L uCrZn) Y= ]
i Prusion =400 1t :P::m=20MW/m 5 - 75MW ™ : )|~283 . . 102k 410 10%% 410 A(C “1 J ’1
1500 |- P, JR=23MW/m - i 90MW E F E |ntza(r: lIja)ayer =~ \ >
i ! 140 - o Without controlof 1, ,g 19 " 60MW o [ ] : w0 Sem W=25mm }
. = 2 il | My e / Note: fiy < By'°R;%? 2 | 107 = il Surtace temparature piasma e ox " g i
1000: . ™1 30 E 10 ,\? // § 50MW .- @ ‘:‘ JAE/SE/%Z)QOM - 0 0:1 0._'2 0l:3 ol_'4 05 20 (T ..5 Max.gshadow: 2.9MW/m2\\\ . ; =] 17.9MWm-2
1200 ® o / % o 10F Ry — [ JA-DEMO high-x —| peak target ] L Max.qwet: 13.5MW/m? — D
| ] 1= - W 5 | @ (ow-frac) e | Jesf total heat load ' 7 e Max.q
500} H-mode Pth] o 4. 2 . . JA-DEMO 2014 § [ | B neutral load 1 o ‘ 21 éﬂ/iw 2y
i Pragmain 1% {10 i x | ® I 5D | Total heat load @) | sl | o sMwm-Z48
j rad : 841 12 13_ 14 15 16 17 18 § 5 - - @ = JA-DEMO high-x Bt : ?:;it;teixlolr?zla;iad 1 8 [ i Slasitia trar;sport 6\;‘%6;"’0
Y T ; =P /P — £ _ ' surface rec. _ S i i ;
%002 o4 o6 o6 1> ° fust=Poce/ P system code: PROCESS = |_>II ” o ezt M S inner surface (CUCrZn)
Nar/ne (%) system code:TPC [ ————— _ _ [ _ . . . . . 5
0 . = 1 O T | oL o, 0 O In addition, Elasto-plastic stress analysis was performed by repeating higher heat load (max. g: 15MWm™,
[6] Asakura, et al. Nucl. Fusion (2017). [7] Py, : Martin et al J. Phys.: Conf. Ser. (2008). b L },Sesep (101'9 m-3) = =0 Distance from separatrix (m) Distance from separatrix (m) W surface: 1400°C)= Mechanical strain on CuCrZr pipe (~0.25%) was not critical, while Max. Temp. became 365°C.
Power exhaust concepts and challenges for JA and EU DEMOs EU DEMO: Divertor power handling by Ar seed for P,.,/R =16-22 MWm"! Development of water-cooled target components for EU DEMO
Heat reduction was achieved for all cases by increasing C,,5°" (= n,,/n.)%°" = 0.5-2.5% Mechanical property of heat sink and joint/interlayer is a key for Cu-alloy application
* EU and JA BA-DDA study covers common aspects of divertor physics and engineering design: o — Devel P did based on W TR ——T Tv—
water-cooled single-null divertor and appropriate geometry for plasma detachment. Geometry effect on plasma profile: partial detachment was not clearly seen in the open geometry. c;v:.optcner;t - fca" . at: targc;t corl\cep(tjsf A3 t°" 'Img:o °t° and Cu-alloy technologies:
= : : i : ¢ 5 divertor target concepts are developed for water-cooled targets:
* Both concepts handle similar thermal heating power (P..:), and require large total radiation Baseline (P,,,=150MW): heat reduction (g get < 10MWm2) was achieved by increasing f* 44 20.7. P in 5 Cu-a::l)oy T Ewirl T thegheat T
fraction (fraq = Prad/ Pheat = 80%) in order to reduce the peak heat load (<10 MWm™): = Low T4V (< 5eV) was also produced over wide outer target for f*.. V> 0.8 (C,° > 0.8%). e SEGlGRatE :
Divertor power handling is determined by requirements of f.,™#" and the plasma performance. L . - hieved (F*_ divs | S L Baseline: . _ _ :
p arger P, case: G, reduction was achieved (f*,4°V2 0.75) = low T.°V (< 5eV) was require e ITER-like MB & CuCrZr pipe with Cu-interlayer Target concepts Interlayer Heat sink
JADEMO chall.enge (steac.ly-state op.): | EU DEMO challenge (pulse op.): | in higher f*,49V > 0.9 (Ca*°'2 2%). Detachment (T.9v~1eV) is seen in very high f* .44V (2 0.93 ). - Reducing thickness and width to reduce thermal ik (Wmonablod = Cu(1mm) | Cucr pipe
Lower Ip and hlgher HH with ITER-level fradmaln = ngher Ip and ITER-level HH with |a rge fradmaln by Ar Seeding scan fOI'P =150/ 180/200MW stresses and prevent vertical cracking. Comp.osite pipe (W monoblock) None Wf/Cu pipe
Large divertor power handling' P p/R ~3OMWm-1 hl h-Z seedin = ITER_IeveI P /R _17MWm_1 sep. ' ' . FGM mtgrlayer (W mqnoblock) W/Cu (0.5 mm) CuCrZr pipe
i 1S g sep/ It = ) Note) nseP~2.8x10°m3 is higher than JA-DEMO o, (MWm"‘f)E EUDEMO __  (ev)4 Reducing stress and strengthen pipe & interlayer:  Composite block (W tiles) None Wj/Cu block
JA DEMO higher-x proposal (1s=1.75) [6] rather than JA DEMO 2014 (x;c=1.65) [ Exp. Tokamak]37-60U[AUG | Psop=150MW 100 - . o PPl | e Thermal break interlayer /CCFC Diiertor tafpet cohicapts for EU DENIO
[1] is shown: having advantages on power exhaust in main plasma and divertor. ‘f;:‘:: :'.:Z:ﬂ: Q} % 20 : ' plrad (ff;d"“’)‘ _— 15.‘peak qtﬂet. Paep=200MW e \\ wire-reinforced Cu composite pipe / IPP ITER-like Thermal break Composite pipe Graded interlaer
JA DEMO 1 P e N S 15} 100MW (0.67) | N g 180MW ; ~ ) . (Cu interlayer)  (bores, notch) (W wire/Cu) W particle/Cu
PArametars e ) EUDEMO-13] Ty - - - e d . [150Mw 10— - =GN - {10 ¢ Functionally graded (W/Cu) interlayer /CEA —
L 0.9F s oy ) g 10} i s z 1 : o e W particle-reinforced Cu composite heat sink block/IPP >
line-n_™=r (102°m) 0.86 0.87 % 0sk \ 60@} 40,1@’/ ] ?j’ 5 (\ ;02 5 Psep=150MW m P PO ‘ — /:.’
270 N\ %™, EU _ - ) : : ' m - %
GW (1020 7k 3 EU Flexi-DEMO .. —— e . o . . : -
i i, 0.73 0.72 % 26-_ ’\\D \\ %:4,, . - i e s 1 0208 07 o8 og" 1! Note) He-cooling by multi-jet pipe /KIT is an option. £R -
2 nimpmain/nemain (%) 0.6 (Ar) 0.039 (Xe)_l_Ar % 0-5 ; \‘ \\ “ f ‘I"“I\ REMO 1 Distnace f’°";separ23(:';":nvvtarget (m 50 M PP IPPPIPE PP PR PPN P e 00 V) EU and JA DEMOS "3".. ‘tﬁ?’;
2 8 0. | N - i T R e e R : Fro - 3 B2
€ Preat (PoAP, 0y MW) 435 457 o LT y or‘ 100 T:}argetzgsSeez ll NE : - ot attach WA) Psep=150MW } e Mock-ups of each concept have been fabricated cuiamm LEs ,gg‘{iwz._:f
5 P_man (MW) 177 306 T o " B0 S 80/ 1, oL 2 B A R ! and 100-level cyclic tested in a high-heat flux  cucar(asmm y e
= S " Leo|, . : & : T i
$ . . 2., 20\ wev e | % 0f Who OnJEEEES o facility at 20-25 MW/m? with 20°C water Flat-W-tiles & He-cooling: pipe-multi-jet
& || foqg™ (=P /P, ) 0.41 0.67 © T 40f, ! 186MW (0.93) ok L7 (N c MESCER - Wp/Cu composite block (W/W-laminate)
“ 01| koot |\ asevlieawee [ g | L sep. LWA) N\ ] - 130°C water s
= - = 0 5 10 15 20 25 30 35 00'~—--(-)7. 14(/3 ;(EZ 3 04 o o[ . |
P sep/ Rp(MWm'l) 30 17 Psep/R (MW/m) Distnace from separatrix at target (m) o0& 05 06 07 08 09 1
[8] AUG: Kallenbach, et al., Nucl. Fusion (2015).[9] JT-60U: Asakura, et al. Nucl. Fusion (2009). fraqdiv [19] J.H. You, et al., J. Nucl. Mater. (2021).




