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§ % 1.JA-DEMO design and power exhaust concept
Large power exhaust: P, /R = 30-35 MW/m, is required

Power exhaust concept of JA-DEMO design (JA-DEMO 2014)[1,2]:

System code predicted Greenwald density (n®V: 0.67x10?°m-3) is lower than ITER

= Impurity seeding is restricted up to n,,/n.= 0.25% due to fuel dilution:
to obtain Fusion power (P; ., = 1.5GW) and Net electricity output (P, “0.25GW),
and S (3.5) and Bootstrap-fraction (0.6) with relatively high HHqg,, (~1.3).

JA-DEMO higher-« proposal[3]: increasing iy from 1.65 to 1.75 for the same R,, a,, B,
and g.¢, Which increases 1, (12.3 = 13.5MA) and ng, (0.67= 0.73x10°m™),
= n,,/n. and Radiation loss fraction (f,,/ =P,/ "/P,...) are increased.

JA-DEMO 2014 B,=5.9T, R/a=8.5/2.42m JA-DEMO higher-x proposal
1,=12.3MA, K95=1.65, Gos=4.1, Pfysion™~1.5GW 1,=13.5MA, K95=1.75, Ppysion~1.7GW
: ML/, Ar seeding  (nArMain/ne=0.25%) (NArMaiN/ng=0.6%)

Main plasma radiation

Poa" = 177MW
b (Prad /Pheat=0.41)

System code (TPC)
B P...=258MW
/| Psep/R=30MWm!

(Pr:::jain/P heat=0-22
\\\ System code (TPC)

ﬁ_?;( ' Main plasma radiation
e & .. 1 \\‘b 7 _ main
= q 6 /) / ‘ Prad — 82MW

; Psep =294 MW
/7 Poep/R=35MWm""

[1]Sakamoto, et al. IAEA FEC 2014,

[2]Tobita, et al. Fusion Sci. Technol. 72 ' '018) 5 cl. Fusion 57 (2017) 126050

[3]Asakura et al.



Development of SONIC V4 and recent progresses “
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*Modeling framework using MPMD (Multiple-Program Multiple-Data) approach and
MPI (Message Passing Interface) data exchange scheme has been developed for

(1) Each code can be independently developed, added and replaced.

(2) CPU number for each code can be adjusted to optimize performance.

= Plasma exhaust of DEMO divertor, incl. Ar and He transports, has been simulated.

(1) Restructured SONIC code with MPMD framework  (2) Improved numerical efficiency

integrated divertor code, SONIC V4

for multi-impurity calculation

Execution of SONIC code components

| MASTER

~ SONIC on new integrated-modeling framework based on the MPMD framework SOLDOR
NEUT2D
Impurity(Ne SPMD e
Plasma data exchange/share pudty(ie) ® MPMD : :mmg gl:e
SOLDOR MP| —> Impu"ty(w) l g Q Simultaneous execution R
Plasma fluid S - MPMD
Impurlty He) = Multi impurity species
IMPMC 3 J,» Optimized use of CPUs
©
Neutral Impurlty(Ar A number of models :;
NEUT2D IMPMC are attachable.
. MC kinetic MC kinetic No. of CPUs

Recent progresses of modelling to evaluate following effects under the DEMO condition:

- Kinetic models (thermal force on impurity transport and flux limiter for ion conduction) for
low collisionality SOL in DEMO were developed [4, 5].

- Elastic collision model of D-D, D-D,, D,-D,, D-He is incorporated; improvement in progress[6]

- Self-consistent photon transport simulation was performed for SIimCS[7] and JA DEMO.

Introduction of drifts to SOLDOR is considered.

[4] Y. Homma, et al, Nucl. Fus.60 (2020) 046031, [5] Y. Homma, et al, Nucl. Fus.62 (2022) 045020.
[6] K. Hoshino, et al., PET-18 (2021) [7] K. Hoshino, et al., Contrib. Plasma Phys., 56 (2016) 657.



i "»2. Influence of radiation loss and diffusion on power exhaust
Divertor leg length: L;;,=1.6m is proposed (x1.6 longer than ITER) 5.
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*P,.= 300 MW(DEMO 2014), 250MW/(DEMO higher-k) at core-edge boundary(r/a=0.95)
*SOL width 3.2 cm: covering connecting SOL between inner and outer divertors.

Operation window for gyt < 10 MWm2is determined in severe power exhaust params.:
(1) Total P,,4/P,.: is reduced from 0.8 (f*,,4V=P ,4"V**°l/P,.,~0.78) t0 0.7 (f* ,4*" ~0.68).

(2) Diffusion coefficients are reduced from y=1m?/s & D=0.3m?/s to half values.
P, . =300/250MW For standard ITER y/D=1/0.3 m?s™*: Ay//e+i=2.9 mm (smaller than

Z(m) Mesh#1511S
T T T T | T i LS

'3_ ITER case:3.4 mm [8]), where q,/e is dominant near separatrix:.
— Reducing to half values (/D = 0.5/0.15 m?s1) = A .;is reduced
'-\\\\\\\\\\\\\ S ,. to 2.3 mm: but still wider than Eich’s scaling [9] (~1mm)
- NS . ;
. BN V, \iTu1c N 7

Yie=1, D=0.3m2s-1 ] [ %ie=0.5, D=0.15m2s-"1

I
i
i
e
22

%
2077 1 .
~ _¢ Wi 109 | 4 109 3

108 108

| 1070 ......... b 2| ......... 6 107
- Spump=63_126 m-/s Distance form separatrix (cm) Distance form separatrix (cm)
By I TS R — mapping to midplane mapping to midplane
5 6 R(m) 7 8 9 [8] Kukushkin, et al. J. Nucl. Mater. (2013). [9] Eich, et al. Nucl. Fusion (2013).

[10] Asakura, et al., Processes 10 (2022) 872.



» Detachment is produced: g, is lower than 10 MWm~
~ Outer peak-q,....: appears in "partially attached” region _6-
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Inner target: peak Gge™4 MWm2, where ionization still occurs at T4V =T;9V~1 eV.
= Surface recombination is a dominant Volume-recombination is not significant.
Significant reduction in ion flux (seen in experiments) is not simulated.
Outer target: peak gy,ze: 5 MWm2is seen at “attached” region (r*v ~ 15cm).
= Plasma heat load is dominant, and Radiation load is also large.
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[3]Asakura, et al. Nucl. Fusion 57 (2017) 126050

0.1

0 01 02 03 04
Distance from separatrix (m)

Ne (M) atinner target Tg,Ti(eV) no(m3) at outer target Te,Ti eV)
'Dra ddiv+so| / Psep~0- 8 [ detach(~37cm) 4detach(~1 2cm)
102" §10010%'E / Ng attach Ti 1100
10205_ 410 1020; 4 410
1019 E- 1 1019 = -E' 1
05 0 0 01 0.2 03 04 05
T T I ] 10 ) I T T T T ]
peak qta,geti ] :__ i peak Gtarget ]
& 8 ' 1 8r | ]
= Total heat load i b I | 15cm ! Total heat load
% 6 neutral load i ] 6 - i neutral load
= radiation load i r i rsicri_;zggr:;gad
g N surface rec. i ! i plasma Con-d. i
o) lasma conv. | i I & conv. ]
> cond. ol '
3 |
ol

0.5



s g

En | 1 d

W
DEMO DESIGN
JOINT SPECIAL TEAM

b Divertor operation in low n.¢P (= nW/3 ~ nGW/2)

Grarget IS reduced (<10MWm2) in Both reference cases (f*,.44V~0.8)

Severe cases were studied: high P.,~283MW/(f* ,;%~0.8), low f* 4V ~0.7 (Py,~235/283 MW)

= Decreasing detachment width and increasing T, and T, of the attached plasma:
" Grarget 1S iNCreased, and margin of power handling (< 10 MWm) is reduced.

" Qarger IS further increased = higher n** is required both for both cases.
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[11] N. Asakura, et al., Nucl. Mater. Energy 26 (2021) 100864



i & Divertor operation: smaller diffusion coefficients -8-
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Influences of  and D become large for lower radiation fraction

Peak-qarge: for DEMO higher-i and DEMO 2014 cases (f* 4% ~0.8):
- Detachment region is reduced from 10to 7 cm, and T4V, T4V at attached region increased
= peak-Gy, e IS increased, but acceptable for higher-x, DEMO 2014(n*¢" >2.3x10* m-3).

Low f,. 9" ~0.67 cases: divertor operation is difficult in the Low n_? (2-3x10° m3).
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“ 3. Particle and He exhaust study in DEMO divertor -
" Heion flux equivalent to P;,,,: 1.5GW is exhausted from core-edge boundary

Slmulatlon parameters for He exhaust study:

“He flux (7 5,:"¢=5.3x10%°s1) is exhausted, corresponding to Py, =1.5GW.

D+ flux (/ ;P =1x1022 s1) outflux is assumed as pellet fueling level: 1,,H¢/I,,°*~*5%.

- Particle diffusion coefficient (D = 0.3 m2s) is same for D, He and Ar (same as ITER calc.).

Simple diffusion process model (No neoclassical transport and pinch) is used inside separatrix.
* Elastic collision model of D%-D°, D%-D,, D,-D,, D%-He, D,-He was NOT applied in this series.

- Reflector angles were increased from 60° to (in)90°/(out)80° (for neutron protection)

3 “.“e?“#.“‘?QIS'; R 1,,°*:1x1022 Ds?, [,,He=5.3x1020 Hes™?
i ‘% ~h%'2‘la..y-- ‘ Gas puff from midplane
- £ Q j—buff . 2.4-9.6X1022 DS_1
; 4'00)
A _
] in
or
zm} of
. Ar
5L 0 Vacuume )l
i a0 dome 2) 2
X Q“’ / 80°
\
al sub-divertor . .
6_ sl ] Same absorption probability
! pumping ] is given for D, He, Ar.
_7- ] I ]
5 6 7 sy, 8 9
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Database of neutral-neutral elastic collision (NNC) was newly
calculated [12, 13] in recent studies of detachment and exhaust:

* Collision rates and momentum exchange rates were evaluated from

-4

differential cross-sec. database for Dy-Dy, Dy-D, [14] and D,-D, [15]. .,

* NNC model is rather theoretical expression compared to those in EIRENE.

Effect of NNC model on D, gas pressure was significantly
observed in the sub-divertor (2 times larger).

" Py, at the private and exhaust slots were also increased.

But NNC model was NOT applied in this work.

Py, distribution in private and sub-divertor, and detachment:

" Ppo was rather decreased at Inner private (2.6->2.0Pa) due tq _ |

Do-Dg /Dy-D, collisions near the strike-point.
* Ppo Was reduced at lower than Pp, at both exhaust slots.

- Reductions in target T, and n, were relatively small (10-15%). |
-6

[12] S. Tokunaga, et al., PSI122, P.3.105, May 2016, Rome, Italy.

[13] K. Hoshino, et al., PET21, Session1-7, Sep. 2021, Remote

[14] P. S. Krstic et al., Atomic and Plasma-Material Data for Fusion 8 (1998) 1.
[15] A. V. Phelps, J. Phys. Chem. Ref. Data 19 (1990) 653.

-5

“» Neutral/molecular collision effects on pressure profile
= "  Neutral-neutral elastic collision (NNC) will increase Py, in sub-divertor  -10-

Mesh#161215

-5




% Plasma detachment and D°/D, pressure in divertor -11-
~#  \Wider reflector angle: plasma detachment and neutral pressure were similar
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Mesh#161215

Gas puff 5.3x10%?Ds! and Ar seeding: 3.9x10%%Ars,
f*..4%v=0.78 (He radiation loss fraction is small: 0.04) .
Inner target: Full detachment (T, ~1eV)
Outer target: Partial detachment (7, ;~1eV in r#v<12 cm)um)s
Py, and Py, are comparable at exhaust slots.
8 out~77MW (with He)
-6
-4.8
50F
52} g 4
5.8 ] 6‘,0 ‘ 6.2 R (m) 6.4 ‘ 6.6 7.8 R (m) 8.0 ‘ 8.2
ne (m®  atinner target Te, Ti(eV) ne(m?) at outer target Te.Ti(eV) Z('“_)S
. + detach__attach
10% 1100 102‘§- | ny T 1100
- L -6
1020 {10 10%F 10
10" 11 107 1 7 - ‘;R“(m) -

0 01 02 03 04 05



=l
uy
T

Inner and outer Qtarget VS divetor pressure -12-
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* Neutral pressure (Pp,, Ppo) at the private boundary was used, similarly to ITER.
But the pressure range was lower than ITER (~1/2)[16]0 1 2 3 4 5 6 7 & (1022Ds)

o BEGOE -~
i EEEEEEEEE
EEEEEEEEE

Mesh#161215 Mesh#161215 6

—— < Poo+Pp2 (Pa)
5
° o
a o
L
3 Finner private @ g
o Louter private @ °
| sub-divertor @ o
O....l....l....l....
0 50 100 150 200
Total injected particle flux (Pam3s-1)
O ——
Peak heat load (qtarget) . [ outer-g; (attach-detach boundary) 7
* Inner qyqe; Is Maintained: it is seen in detached g 8f ".' 7

region (7,4 = 1-2eV), and high ;4" and n " are §

maintained. ?: - g o® e
* Outer Qe is decreased with Py p,: s

it is produced at attached region, where local - o :

T. @V decreases with Py p,. .

0--.-I-...l-.--l.-.-l-.--l-.--

1 2 3 4 5 6 7
Ppo+Pp2 at private region (Pa)

[16] R. Pitts, et al., Nucl. Mater. Energy 20 (2019) 100696.



+ P Heion and atom densities in plasma edge and divertor
He ion density (n,,.;) is significantly increased near the detachment front

(between Ar radiation peak and D ionization front) due to recycling in the divertor:

" n,,,is increased also at the private region near X-point (similar to D* density).

" ny.z~1x10'8 m3 inside the separatrix (r"“/a=0.96-0.98).

He atom density (n,,.,) in the divertor:

" N, is increased at the downstream of ionization front.

" N, is rather uniform in sub-divertor, and increased at exhaust route (€. is reduced).

1

0.75
0.5

Z(m)_ "He(z-1 2) (1019m-3) _Mesh#161215 z@m NHeo (1 019m-3)
[ I co e-edge a ]-_I_e_2_t NHe (1 o1 9m'3) — :

0.25
0.1
0.075
0.05
0.025
0.01
0.005

pumping




i i He concentration in detached divertor -14-
et C0%9¢ = 4-7% similar to exhausting 7,/ p: Accumulation of He is NOT seen.
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With increasing gas puff rate, detachment width increases and peak q,,,,.. is reduced.

He concentrations at SOL and plasma edge (C,. = n,./n;) for y=1/D = 0.3 m2s! case:
* In-out asymmetry of C,, in SOL/divertor is 2-3 times, but decreasing near separatrix.
- C,o = 4-7% at plasma edge (smaller than SOL) = Accumulation of He is NOT seen.

Profiles of plasma and heat load at outer target: ~ Midplane density and peak heat load

ne(m3) at outer target TeTieV) 10 qtargetr(erln_z) i . i (.) 1. ? ? ‘} 5 ? ? ? (] 022Ds-1 )
1<—> detach(~12cm) ] | peak Grarget 3 —r—r—r—r——r—r—r .', ——————r— d 10
1021k ! 4100 85‘ . ,Total heat load - — _ ]
o L Lo @ f . o Jes
1020k 410 i ! surface rec. ] E 2 :_ ' 7 E
E 4T plasma cond. ] («)] s o -
E [ : & conv. 5 a <_ . I J 6 ;
o z f ° 1,2
"F . Peak grargsts 3 ol " . . . i 2 4 E 14 =
0 01 02 03 04 05 0 01 02 03 04 05 Q 3 - o
Distance from separatrix (m) Distance from separatrix (m) :m ; h 2 S
o 1 o
He concentration (Cy.=ny./n;) in divertor b4,
Z(m) Mesh#161215 10
B - —_— .8 B o ) : —r—r—r——r—r—r— ,i. ———r—r—r—
JXie=1m<s i 6% : o of Inner SOL ~
Df,He = 0.3m25'1 -4 b ] 190 I outer SOL ‘ ° -
[ o (4 3 o
. o < 6} Edge ° ° .
—— 6 So r (a/r=0.96-0.98) .
e 3 I 4- @ N
5 % 5 S I ]
dome S - 2F ) ) o
4 \ g 1 [ Npe/N;in SOL is near separatrix:
\ o 0 MR B T B R U T T T
| | j\ G 0 50 100 150 200

Rm 6 7 8 Total injected particle flux (Pam3s-1)



"9 Effect of diffusion coefficients on He exhaust -15-

" yand D were reduced to half values: He concentration is acceptable.
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x and D were reduced to half values (0.3/0.15 m?s1):
* Cy. (=np./n)) increases to 10-14% (inner SOL), 9-11% (outer SOL) and near X-point (18%).
" C,. at plasma edge is increased from ~6% to 7-9%.

o BEGOE -~
i EEEEEEEEE

n.e? (midplane) is 25% larger than n*¢° due to Ar and He ions (similar contributions).
- Effect of reducing y and D: n,,./n. profile changes inside the midplane separatrix:
reduction from 5% (r™9/a=1) to 4% (0.98) is enhanced from 6% to 3%.
Uniform n,./n.=7% is assumed for JA DEMO design by system code: acceptable level
n;, Ne, Ne/Ne, Na /N, profiles at outer midplane

He concentration: Cy,.= ny./n; a_Xie=1.0m?s A io=0.5m2s
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0-147 \7 9% 7/ ] 1;) : at midplane } at midplane 3
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ENHe/Ne (X1 O):4-5°/cr___\~_\‘ 1 /—\‘ ]
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i 5. Summary: Simulation of JA DEMO divertor performance
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Heat load and plasma detachment in a long-leg divertor (L,.,=1.6m) were evaluated for

JA-DEMO 2014(Psep= 283MW) and higher-k (Psep= 235 MW) in low SOL n¢P= 2-3x10%m=,

Divertor operation (<10 MWm) was determined with reducing f* .,V or/and y & D;

* Peak-gy,e: in outer divertor appeared at detach-attach boundary, and it was increased
with decreasing partial detachment width and increasing the local-T,¢" and T4V,

e Two references (f*..4% ~0.8) was acceptable; higher-k case allows larger operation margin.
e Severe cases of reducing f* ¥ to ~0.7 or yand D to half values; higher ns¢" was required.
Particularly, impact of reducing both y and f*,%" was serious.

Simulation for particle and He exhaust has been developed;
e Neutral-neutral elastic collision (NNC) will increase particularly Py, in the sub-divertor.
e Accumulation of He ion was NOT seen in the plasma edge: (n,./n.)¢%~4-5%
while increasing the partial detachment width.
e For reduced y and D case, (n,./n,)¢%¢ is acceptable, while C,. was increased in SOL.

Some future activities and developments:

e Relationship between g, (and components) and Pp,/Py, is investigated.

e Benchmark of SONIC and SOLPS-ITER codes both for EU- and JA-DEMOs.

e Integration of transport codes, SONIC and TOPICS (1D, main plasma), is in progress.
e Renewing SOLDOR to incorporate drifts is considered; now debugging in slab-model.



