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Abstract
Concepts of the power exhaust and divertor design have been developed, with a high priority
in the pre-conceptual design phase of the Japan—Europe broader approach DEMO
design activity (BA DDA). Common critical issues are the large power exhaust and its fraction
in the main plasma and divertor by the radiative cooling (Py,q"®"/Phes > 0.8). Different exhaust
concepts in the main plasma and divertor have been developed for Japanese (JA) and European
(EU) DEMO:s. JA proposed a conventional closed divertor geometry to challenge large Pyp/R;,
handling of 30-35 MW m~! in order to maintain the radiation fraction in the main plasma at
the ITER-level ( fiag™ " = Proa™ ™/ Pheat ~ 0.4) and higher plasma performance. EU challenged
both increasing fmdmai“ to ~0.65 and handling the ITER-level Py,/R, in the open divertor
geometry. Power exhaust simulations have been performed by SONIC (JA) and SOLPSS5.1
(EU) with corresponding Py, = 250-300 MW and 150-200 MW, respectively. Both results
showed that large divertor radiation fraction (Pmddi"/PSep > 0.8) was required to reduce both
peak Garger (K10 MW m~?) and Te,idi". In addition, the JA divertor performance with
EU-reference Py, of 150 MW showed benefit of the closed geometry to reduce the peak garget
and T.;%" near the separatrix, and to produce the partial detachment. Integrated designs of the
water cooled divertor target, cassette and coolant pipe routing have been developed in both EU
and JA, based on the tungsten (W) monoblock concept with Cu-alloy pipe. For year-long
operation, DEMO-specific risks such as radiation embrittlement of Cu-interlayers and
Cu-alloy cooling pipe were recognized, and both foresee higher water temperature
(130 °C-200 °C) compared to that for ITER. At the same time, several improved technologies
of high heat flux components have been developed in EU, and different heat sink design,
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i.e. Cu-alloy cooling pipes for targets and RAFM steel ones for the baffle, dome and cassette,
was proposed in JA. The two approaches provide important case-studies of the DEMO
divertor, and will significantly contribute to both DEMO designs.

Keywords: DEMO, power exhaust, divertor, impurity seeding, divertor simulation,

water-cooling divertorTungsten monoblock target

(Some figures may appear in colour only in the online journal)

1. Introduction

Concepts of the DEMO reactor design feasible in physics and
engineering aspects have been developed in the pre-conceptual
design phase of Japanese and European DEMO fusion reac-
tors. Japanese DEMO concept (JA DEMO 2014) [1, 2] aims
for the steady-state operation, where the fusion power (Pfysion)
was decreased from 3 GW in SIimCS [3, 4] to 1.5 GW level
in order to find an appropriate divertor design, and the major
radius (Rp) was increased from 5.5 m to 8.5 m in order to
allow for enough space for the central solenoid coils for fully
inductive plasma starting. The fast track European DEMO (EU
DEMOV1) aims for repeating two hours operation and produc-
ing net electricity (Pejpnet) 0f S00 MW with Prysion = 2 GW level
and R, = 9.1 m [5-7], based on the plasma performance of
ITER with conservative improvements in physics and technol-
ogy, compared to advanced DEMO2 with optimistic physics
assumptions.

The collaborative DEMO design activities (DDA) has been
conducted by Japan (JA) and Europe (EU) in the broader
approach framework from 2010. The DDA is a collaboration
activity that is supported by domestic DEMO design teams. In
JA, the Joint Special Design Team for Fusion DEMO orga-
nizes to conduct the DEMO development programme in a
nation-wide manner with an enlarged participation of industry.
In EU, DEMO design and associated R & D are implemented
by the power plant physics and technology under the EURO-
fusion consortium. The final report of BA DDA phase-I was
published in February 2020 [8], which summarized achieve-
ments of nine common research topics. In the final report, the
design integration and impacts on DEMO system design were
emphasized.

Handling of the large thermal power from the confined
fusion plasma is one of the most important issues for DEMO
design. Concepts for the power exhaust and divertor design,
consistent with their plasma scenarios, i.e. steady-state and
pulsed operations, have been developed. Significant progress
in the power exhaust concepts and DEMO relevant diver-
tor designs has been made through the DDA work. Different
power exhaust scenarios have been developed for EU and JA
DEMO concepts, while a common critical issue is large total
power exhaust in the main plasma and divertor by the radiative
cooling (Pyq""), and large fraction in the total heating power
(frad™ = Prag"/Ppeac > 0.8) is required compared to that for
ITER (0.6-0.7). At the same time, both divertor designs were
required to adequately handle the peak heat loads on the target

(¢targer) of 10 MW m~2 level under neutron irradiation condi-
tion. The studies and design work were reported at the interme-
diate stage [9], and significant progresses were made recently
both in simulation study and engineering design. These JA
and EU design approaches will provide important case-studies
for the future design improvement. This design study was
provided for the steady-state power exhaust scenarios. Devel-
opment of the plasma design and relevant equipment for sup-
pressing or mitigating the edge localized mode activity will be
necessary to finalize the DEMO plasma design in future.

Progress of the power exhaust scenario in JA and EU
DEMOs is introduced in section 2. Progress and comparison of
the divertor simulation studies for the power exhaust are shown
in section 3. Recent progress and parameters of their diverter
designs are summarized in section 4. Finally, common views
of the divertor design from the physics and engineering studies
are summarized in section 5.

2. Plasma design for power exhaust scenarios

The radiative cooling scenario with impurity seeding is a pri-
mary approach for the DEMO power exhaust. Higher-Z impu-
rities such as argon (Ar), krypton (Kr) and xenon (Xe) are
preferable for DEMO [4, 5] in order to increase radiation loss
in the main plasma (P1ad™ ™) and to reduce the exhaust power
to SOL (Py,) because of large radiation loss rate coefficient
in the high 7. (>100 eV) as shown in figure 2 of reference
[4]. In JA DEMO, Ar seeding was used as a reference case,
because relatively large radiation loss is expected also at lower
T. < 50 eV in the divertor. Influence of the Ar seeding
on the plasma performance was evaluated by JA system
code (TPC [10]) as a function of the impurity concentra-
tion in the main plasma (ca ™" = na/ne), as shown in
figure 2 of reference [11]. For the case of JA DEMO 2014,
Prusion ~ 1.5 GW was obtained for ITER-level ca,™" of
2.5 x 1073, where Py, was 294 MW and power handling
parameter of Pgp/R, = 34.5 MW m~' was required for the
divertor design. Pryson Was reduced to less than 1.5 GW with
further increasing car™ due to dilution of the fuel ions,
and at the same time, higher plasma performance such as H-
factor (HHogy» > 1.3) was required to maintain normalized
B (Bn = 3.4) and to obtain the bootstrap current ratio (fgs)
of ~0.6.

High plasma density was preferable for the plasma design,
such as increasing Prysion, reducing fuel dilution by impurities,
producing a radiative edge, and power handling in the divertor.
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Figure 1. Fusion power (Prysion), radiation power in the main plasma
(Praa™™), exhaust power to SOL (Pgp) as a function of Ar impurity
concentration (ca,™"), for JA DEMO higher-x design (k95 = 1.75).
Reproduced courtesy of IAEA. Figure from [11]. Copyright (2017)
TIAEA.

Greenwald density (n°V = I/ra, [10*° m—3, MA, m], where
I, and a, are plasma current and minor radius, respectively)
was increased from 6.8 x 10! to 7.5 x 10! m~2 by increasing
I, from 12.3 to 13.5 MA, which was achieved by increasing the
plasma elongation (x9s) from 1.65 to 1.75 in the same device
size of R, and aj, [11]. Key parameters of the main plasmas and
power exhaust of the ‘JA DEMO higher-+’ proposal are sum-
marized in the first column of table 1. The higher-x proposal
was based on improvement of the conducting shell design,
i.e. increasing the electrical conductance (shell width) and
installation also behind the inboard breeding blanket mod-
ules [12]. Increasing I, also improved the plasma performance
such as Ppysion and 7g, thus reduction of Py to 258 MW with
comparable plasma performance (HHogy» ~ 1.3, By ~ 3.4)
was obtained at higher ¢y, ™" ~ 6 x 1073, as shown in
figure 1. Here, Py, above the L—H transition threshold power
(P = 115 MW [13]) has enough margin (f;,"" = Py, "/
Pgp = 2.2), and fradmai“ = 0.41 is slightly larger than that in
ITER. Large Pyp/R, of 30.4 MW m™! is still required for the
power exhaust in the divertor.

For the case of EU DEMOI, impurity seeding scenario
with higher-Z impurities such as Kr and Xe, in addition to
Ar, was proposed in order to increase Pr,q™" and to satisfy
the high priority requirement of reducing Pg,/R;, to the ITER
level [5—7]. Key parameters of the main plasmas and power
exhaust of EU DEMOI are summarized in the second column
of table 1. EU system code (PROCESS [14]) studied varia-
tions of fi," and DEMO size (R,) for some cases of Pyep/R,
with the plant design producing Pejner = 500 MW and 2 h
operation, as shown in figure 2 [6]: a reduction in By and a
large increase in R, were necessary to increase fi"* for the
fixed Pyep/R,, case due to fu"™ oc Br "R, %!, Consequently,
fu™ ~ 1.2 uniquely corresponded to the power exhaust con-
cept of Pyep/R, = 17 MW m~! and R, ~ 9 m. It was noted

_own=14erm

__P _/R=17MW/m
sep

_Pq!ﬁ=20MWIm

___P /R=23MW/m
sep

o Without conimlollu_'

.5 1 1 1 1 1 1
# 1 11 1.2 13 14 1.5 1.6 1.7 1.8

fihLH = Pgep/Pinl-H

Figure 2. Dependence of the major radius on fiy for four cases of
Pyp/R =14, 17,20 and 23 MW m~! in EU DEMOI. Net

Pepnet = 500 MW and pulse duration of 2 h, while the major radius
is minimized. Reproduced courtesy of IAEA. Figure from [6].

© 2017 EURATOM.

that the ambiguity of Py,"! was relatively small from the L-H
transition threshold database in low Z.¢ of less than 2 [15, 16],
which was applied to the ITER operation. Further database
with regard to impurity seeding and Py scaling for higher
Z.i are necessary to determine Py, for the DEMO plasma
design.

Common issues for the power exhaust remain in both JA
and EU DEMOs. While the density fraction (fSV = n./nV)
is increased to 1.2 and the line-averaged n. (7;) is comparable
(8.7 x 10" m~3) for both designs, 7z is still lower than that
for ITER. A relatively peaked profile of n. and a pedestal den-
sity of less than nSV will be necessary to obtain the high £V
plasma design. Experiments in JET-ILW and AUG reported
the high OV restriction (0.9-1) to obtain H-mode plasmas,
where they used external gas puff fuelling [17]. Since the
H-mode operation with high 6% > 1 is expected by pel-
let injection, it is also an important common issue for the
DEMO design. Exhaust scenario of the large Pheye (435 MW
and 450 MW for JA and EU DEMOs, respectively) is com-
mon high priority issue. Power exhaust concepts of the JA
and EU DEMO designs are summarized in figure 3. Here,
recent EU DEMO proposal (Flexi-DEMO [18]) foreseeing
the steady-state operation in the same device (R, = 8.4 m/a,
= 2.71 m) for the pulse plasma operation is also shown;
frad™™ ~ 0.62 and Pyp/R, ~ 23 MW m! for the steady-
state Operationforlhe steady-state operalion, and fradmain ~ 0.67 and
Pgep/R, ~ 20 MW m~! for the pulse one. JA DEMO 2014 and
higher-x concepts challenge plasma performance higher than
ITER-level with comparable f;,q™" (0.2—-0.4), and divertor
design appropriate for the larger Pp/R, (30-35 MW m™').
On the other hand, EU DEMO concepts challenge increas-
ing Fraa™ ™ to 0.6-0.7 while keeping ITER-level HHog»)
(1.1 for pulse operations) and stable Sy (2.6) by higher Z
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Table 1. Key parameters of the main plasma and power exhaust.

Parameters JA DEMO higher-« [11] EU DEMOIL [6, 7] ITER (Q = 10 inductive)
Operation Steady-state Pulsed 2 h Pulsed 400 s
R, (m)/a, (m) 8.5/2.42 9.0/2.9 6.2/2.0
A 3.5 3.1 3.1
K95 1.75 1.6 1.70
495 4.1 3.5 3
I, (MA) 13.5 18.0 14
Bt (T)/Bt™ (T) 5.94/12.1 5.9/12.5 5.3/12
Prysion (MW) 1694 2000 500
Peinet MWe) ~300 500 —
Paux MW) 95.6 50 73 (installed)
[0 17.7 41 10
P, + Pax (=Pheats MW) 435 457 173
HHogy» 1.3 1.1 1.0
BN 3.4 2.6 1.8
fBs 0.61 0.35 0.15
Line-ave. ne (10" m—3) 8.7 8.7 10
FOWV (=n/mSV) 1.2 1.2 0.83
cimpma?“ (=nimp/ne) (%) 0.6 (Ar) 0.039 (Xe) + Ar Ny, Ne, Ar, ...
Prpg™™™ (MW) 177 306 ~50
Frad™ " (=Prag™ ™ Ppear) 0.41 0.67 ~0.33
Pyep (MW) 258 154 ~100
Pyep/R, MW m™ ) 30 17 ~16
Pyt (MW) in e, DT 115 133 ~84
SfaH (:Psep/P[hLH) 2.2 1.2 ~1.2
Exp. Tokamak |JT-60U[ AUG frad™" was reported in the ASDEX-Upgrade (AUG) H-mode
Detachdivertor | O | [] experiment with Ar and nitrogen seeding [19, 20], and some
j Attach divertor | ()| ] database are also plotted. The long-pulse (20-30 s) H-mode
OO ,277 LA plasma database with Ar seeding in JT-60U [21] are added.
o 0.9 M \\ A g, -1
Fosp 3 K 1 3. Divertor design study for power exhaust
& b B EU DEMO1 _ ] . ! g ytorp
0.7F'\0O N\ K% EU Flexi-DEMO - scenario
L | A ‘0@ J
28 Ll u \ \i” JADEMO - A simple formula of the plasma heat load (¢,”"*™) is described
0.5 7 ! S higher-K by Piep, radiation fraction in the SOL and divertor (f*,q% =

¥

\

\

1

0 5 10 15 20 25 30 35
Psep/R (MW/m)

Figure 3. Fraction of P.,¢™" in the total heating power (Ppe,) and
the divertor power handling (Ps.p/R;,) for ITER, EU and JA DEMOs.
Impurity seeding experiments in AUG [20] and JT-60U [21] are also
shown by squares and circles: orange and green colors correspond to
attached and detached divertor cases.

(Kr or Xe) impurity seeding in addition to Ar, in order to
employ ITER-level power handling in the divertor (Pp/R, =
17-20 MW m™'). At the same time, reduction of the divertor
coverage, i.e. removing the divertor baffle, to increase the tri-
tium breeding blanket volume is another challenge. Such high

(Prag®™ + Prag®™)/Psep), characteristic length of the heat flux
profile in SOL (\,5°") and geometry parameters at the strike
point, i.e. the poloidal angle between the separatrix and
target surface (V) and the magnetic flux expansion
(fexp™ = (Bp/BY™Y/(B,/B)™), as following, gP*m* =
(Pocp/Rp) (1~ f*1aa®™)-(8in 09 fp ™) (47X SO S ™) 1,
where power reduction by the plasma detachment is rep-
resented by an additional factor (Sgu*"). Larger f*.q%"
compared to that of ITER (0.5-0.6) [22] is required, in partic-
ular, for the large P.,/R,, design. At the same time, restriction
of n. at the main plasma separatrix (n.*P) is a common issue
for the power exhaust for DEMO divertor. Medium values
of the normalized density (1n.°/nSV) in the H-mode plasma
experiments [23, 24] and ‘standard’ ITER simulations [25]
corresponded to ~1/3, and recent tokamak experiments with
all metal plasma facing components (PFCs) and the edge bal-
looning stability model reported that n.*P/nSV was restricted
lower than critical values of 0.4—0.5 [26]. The operation range
of neP/nSV is expected to be 0.3—0.5, thus both DEMO diver-
tor operations are required in the lower SOL density such as



Nucl. Fusion 61 (2021) 126057

N. Asakura et al

a) -3 ~ T -

(@) ’2 ‘\Q Pout e S
q}' ~d_____ 2
< core-edge QO
9\‘ boundary PSGP Q\@

(r/a = 0.95)
4|
Z(m
(m) Inner
divertor
-5
inner
refrector ‘
sub-divertor Ouzs
-6 54 1
ﬁeclo, \
aust )
boundary ,/
-7 .
5 6 9

R (m) 7 8

Figure 4. (a) SONIC simulation mesh and the divertor geometry of JA DEMO. Reproduced from [27]. CC BY-NC-ND 4.0. () SOLPSS5.1

simulation mesh and the divertor geometry of EU DEMO.

nS® = 2-35 x 10" m™3, corresponding to n.*?/nW
0.27-0.48 and 0.29-0.51 for JA and EU DEMOs, respec-
tively. Formation of plasma detachment and operation window
of the JA and EU DEMO divertors are summarized.

3.1. Divertor designs for large power exhaust

Conventional divertor designs have been developed for the JA
and EU DEMO concepts, based on the ITER divertor. Large
power handling of Pyp/R, = 30-35 MW m™! is a signif-
icant challenge for the JA DEMO, and a long leg divertor
(Lgiy = 1.6 m, i.e. 1.6 times longer than ITER) was pro-
posed as shown in figure 4(a). The inner and outer divertors
cover all divertor plasma volume, and compression of the neu-
tral particles and efficient formation of the plasma detach-
ment will be expected particularly near the strike-point. The
poloidal angles at the inner and outer targets (") are 30°
and 25°, respectively, and the magnetic flux expansion fac-
tor, i.e. fopW¥/sind®, is similar (~12) at the both targets.
Design concept of the ITER divertor is simplified for the
EU DEMO divertor in order to increase the tritium breed-
ing blanket volume. While the similar long leg divertor with
similar @4V at the outer strike point is planned, the baffles
and dome are removed, and the targets cover near the strike-
points as shown in figure 4(b), which is rather open geome-
try compared to closed one such as the ITER and JA DEMO
divertors.

Figure 4 also shows calculation meshes of SONIC for the
JA DEMO divertor and SOLPS5.1 for the EU DEMO diver-
tor. Modelling of various drifts such as VB X B and E x B
is not incorporated in the former code. The latter code does
not activate the drift effects, and the liner is removed in this
calculation. Exhaust power (P,,) and particle flux are given at
the core-edge boundary. Py, = 250 and 300 MW are applied
at the core-edge boundary (r/a = 0.95) for the JA DEMO
higher-x and JA DEMO 2014 reference cases, respectively.

The total radiation power in the plasma edge (0.95 < r/a < 1),
SOL and divertor (Ppq®%® + Prag®™ + Prag®) was adjusted at
a fixed value by feedback of the seeding rate in the iterative
calculation, thus Py, is slightly smaller than P, because of
Pyp = Poy — P.a%92. Reference of the radiation power
fraction, i.e. (Prag® + Prag® + Prad™)/Pow, was deter-
mined to 0.8 for the two cases [11]. On the other hand, for
the EU DEMO reference case, Po,y = 150 MW is given at
rla = 0.98, thus Py, is comparable to P, and a series of the
radiation power scan was performed with increasing the seed-
ing rate. Application of diffusion coefficients on the ion and
electron heat fluxes (;, x.) and particle flux (D) for the SOL
plasma is critical issue to simulate the divertor performance.
For the JA DEMO, xi = xe = I m?>s ' and D = 0.3 m”> s~!
were the same as the ‘standard’ values of ITER simulation
by SOLPS4.3 [25]. The e-folding length near the outer mid-
plane separatrix (\,/™¢) of the parallel heat flux (g;) pro-
file (including electron and ion components) corresponded to
~3.0 mm, which was narrow compared to 3.6 mm in the ITER
simulation due to higher T,™“ and T;™¢ in the JA DEMO
(370 and 830 eV, respectively). For the EU DEMO, smaller
x = 0.3 m?> s~ (inside separatrix) and 0.18 m? s~! (in
SOL) were given to provide g, profile with comparable
)\q//mid of ~3 mm.

3.2. Divertor operation in closed geometry (JA DEMO
concept)

Divertor operation in low n.*® range and influences of the
key parameters such as Pyep, f*raa® and A,™¢ were recently
investigated in the JA DEMO with Ar seeding [27]. A series
of n.*P scan was performed with changing fuel gas puff and
divertor pumping rates, where Ar puff rate was controlled to
keep a given value of Pq®2¢ + Pq*® + Prq®. Itis noted that
Pgep and f*1,q"" were slightly smaller than fixed parameters of
Poyt and (Ppag® 4 Prog™' + Prog®V)/Poy, respectively. Two
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reference series for ‘JA DEMO high-~" (Pgep ~ 235 MW and
fr raa%¥ ~ 0.78) and ‘JA DEMO 2014’ (higher Py, ~ 283 MW
and the same f *2a%Y), and extreme cases for the two refer-
ences with reducing f*,¢%" to ~0.7 were investigated. For
the four cases, the total plasma power to the target, i.e.

Peep (1 — f*1a®), correspond to 50, 60, 75 and 90 MW,
respectively. Distribution of the radiation loss in the inner
and outer divertor by Ar seeding and profiles of plasma and
heat load at the target were reported, for example, in figure 2
of reference [27]. The large radiation area was seen at the
upstream of the inner target, and 7.9 was decreased to ~1 eV
over a wide area of the target, which we described as ‘full-
detachment’. In the outer divertor, large radiation peak was
also seen at the upstream near the separatrix. On the other
hand, it shifted towards the target at the outer flux surfaces.
The plasma detachment was produced near the strike-point,
which we described as ‘partial detachment’. Typical plasma
profiles and heat load components at 7,*® = 2.0 x 10! m=3
for the JA DEMO high- case are shown in figures 5(a) and (b).
The width of the partial detachment for the reference case is
relatively large (~12 cm). Peak Gurger (~5 MW m™2) appears
at the boundary of the attached region, where T.%" and T;4"
are increased and %" is decreased significantly, thus the peak
Gurger 18 sensitive to their profiles. Profiles of 7.%" and 7%
at the attached region are relatively flat or rather increased
towards the outer SOL, but they are still lower than those at the
upstream SOL, as shown in figure 5(c), by radiative cooling.
Total giarge is evaluated by including surface recombination of
the ions (¢;"° = ;" C WV E, o, where n;%, C,4V and Ej,, are ion

density, sound velocity at the divertor sheath and recombina-
tion energy, respectively), radiation power load (¢;®) and neu-
tral flux load (g;"), in addition to the plasma heat load (g,”'*™?).
The peak Gareer s attributed by g”*™ and ¢, in the attached
region. The width of the partial detachment corresponds to
~1 cm of the midplane SOL radius, as shown in figures 5(c)
and (d). Decay lengths of the parallel heat flux profiles near
the separatrix at X-point (¢, *X? and g, X? + ¢;;XP) are 2.3 and
2.9 mm (mapping to midplane radius), respectively. Extremely
large heat flux in the near-SOL is significantly reduced in the
divertor.

Since the peak garge; is generally larger than that of the inner
Gtarget> results of the outer g are plotted in figure 6(c). Cir-
cles and squares show series of reference JA DEMO higher-
k and 2014 cases, respectively, where the peak gier in
figure 5(b) is marked by open circle. The peak garger is gradu-
ally decreased in higher 7.*P, compared to that in lower 7.%P
The two series of f*.,4%" ~ 0.8 are acceptable in expecting low
nesP (=2 x 10" m™?) to reduce Gurger < 10 MW m~2. The
JA-DEMO higher-x case has advantages to provide enough
operation margin to the recrystallization temperature of the
tungsten target. Triangles and diamonds show series of lower
f*aa™ (~0.7) cases. The peak Gureer is generally increased
with increasing Pgep-(1 — f*aa™), and it is increased with
reducing width of the plasma detachment. Figures 6(a) and (b)
show profiles of 7.4, 7,9, n,%" and heat load components at
1P = 2.0 x 10" m—3 for the JA DEMO higher-x case with
the lower f*.,q%". The detachment width is decreased to 7 cm,
which corresponds to inside of the near-SOL of the g;*P pro-
file. The peak Giaree: is significantly increased to 12.5 MW m~2,
where the local 7.9 increases to 32 eV, while the local



Nucl. Fusion 61 (2021) 126057

N. Asakura et al

) Poep=235MW/ f1adV=067 v Frag®™ | I ag@V
LI el Lo R JA-DEMO 5’6575 JADEMO 58—
(a) ¥—> detach(~7cm)
i (C) Psep ~235 A ‘ [ d Prep | ,.,235 A O
LE | MW)| 0 (MW)
- (MWm-2) ~283 & W . (MWm-2) ~283 <) D
o 3 | Psepﬁ;f‘radd'v): JA-DEMO 2014
= a [ 75MW (low-fiac) <) o
o A, omw I
215+ 15|
10™L i 8 | 60MW A ‘ |
' - A JA-DEMO high-«
2 s [JA-DEMO 2014 {low-frad)
20 b | 'g 10l | 50MW .g\ @ ’*| (low-1 frad) ; L
" : R g *r
150 ! w i 'fi {fow fraq)
| g | »
i = I =i L
| 2 .| '@ k
i 3 5+ 5L
i a I
i s [ —— —_————
: 3 | — , T o
o 0 s e r——_ 0 ; - -
0 01 02 03 04 05 1.0 15 20 25 3.0 1.0 15 2.0 25 3.0

Distance from separatrix (m) nesep (1019 m-3)

nesep (1019 m-3)

Figure 6. Profiles of (a) T.%", T;:%Vand n.", (b) qrareer and integrating heat load components at the outer target for JA DEMO higher- with
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nd is similar at ~2 x 10%° m~3. In the outer flux surfaces

( i > 20 cm), n.% is decreased to a few 10'° m—3 and 7.4
and T;%" are increased. As a result, higher n.*P operations, i.e.

ns® > 2.3 x 10" and 2.7 x 10" m~3, are required for the
two lower f*,q%" cases.

At the same time, while the peak G 1s already reduced,
low T.%" and T;%" are required for the year-long divertor oper-
ation since the ion fluence is expected to be 50—100 times
larger than ITER. Net erosion (Ad) was estimated at the peak
Grarger 0 figure 5(a) (T ~ T4 ~ 20 eV, ndY ~ 1020 m—3)
by a simple formula: Ad (mm) = 4.95 x 10~ "°R,o-Y;-C;-T;-
for W-surface, where R, Yi, C;, I'; and ¢ are the ratio of net
to gross erosion rates for the tungsten target, sputter yield,
impurity concentration, incident ion flux and operation time
(year), respectively. R, and Y;-C; are critical factors and Y;
is significantly increased under the attached plasma condi-
tion. Assuming R, = 0.1 and using Y;-C; ~ 4 x 10~* for
cartl¥ ~ 0.2% [23] for the relatively low T.%" ~ 20 eV and
I'; ~ 102 D m~2 5! for the reference JA DEMO higher-x and
2014 cases, Ad is estimated to be 2.5 mm after a year-long
operation, which is a half of the thickness of the monoblock
design (5 mm). Simulation of the plasma material interaction
including physics processes of Ry will be necessary for fur-
ther evaluation. Operation at further high n.*? or sweep of the
strike-point location will be required.

Furthermore, effect of smaller A,,™¢ on the divertor oper-
ation of the JA DEMO divertor was investigated with reduc-
ing both y and D to half values, i.e. Yo = x; = 0.5 m?> s7!,
D = 0.15 m? s~ [27]. The radial gradients of T,™d, 7,
and n.™< were increased, and \,;™ of the g;*? + ¢;;*P pro-
file was decreased to 2.2—2.6 mm. Both peak giarger and n>?P
were increased for each case. Lower boundary of n.*P for
Guarger < 10 MW m~2 was determined to be 2.0 x 10" and
2.3 x 10" m~3 for the JA DEMO higher- and 2014 refer-
ence cases, respectively, as shown in figure 6(d). The influence

mid

was enhanced with reducing f*,q“"; both peak Garge and 1¢*P
were significantly increased for f*.,q% ~ 0.7. As a result, the
divertor operation was difficult in the low n.*P range of 2-3 x
10" m~3. Therefore, f*1q*" ~ 0.8 was determined as the ref-
erence value of the divertor performance for the JA DEMO
2014 and higher-« cases.

3.3. Divertor operation in open geometry (EU DEMO
concept)

The divertor plasma performance for the EU DEMO diver-
tor has been investigated from Py /R, = 17 MW m™!
(reference) to 22 MW m !, using SOLPSS5.1. Here,
ns® = 2.9-33 x 10" m™3 was higher than that of JA
DEMO, but lower than that of ITER. Reductions in 7.4 and
Grarget Were investigated with increasing the Ar seeding rate
in addition to small Kr or Xe seeding. Results are shown as a
function of cs,5°" in figures 7(a) and (b), Where Gurger includes
gP'™™m g and ¢,", but not g, These results are also plotted
as a function of f*,¢™" in figure 7(e). For the reference case
(Psep = 150 MW), appropriate power handling of the diver-
tor (Gureer < 10 MW m™?) is achieved at f*,q™ > 0.67
(car™9 > 0.3%), which is slightly larger than ITER. At the
same time, peak T.9" is decreased as shown in figure 7(c);
the partial detachment is not clearly produced, while the
peak 7.4 at 2—6 cm away from the separatrix is decreased.
Further requirement of low 7.4 (<5 eV) for reducing the
target erosion to ignoring level is fulfilled at f* 4% > 0.78
(car™ > 0.45%). Appropriate divertor operation is restricted
in the large f*q" similar to that in the JA DEMO.
Furthermore, the plasma detachment (7.%Y = 1-2 eV)
will require to increase f*q™ > 0.85 (ca™? > 0.5%).
Wider ca ™9 scan is performed for Py, = 200 MW.
The peak Qe is reduced to less than 10 MW m~™2
with increasing f*,q%" to 0.85 (ca>%% ~ 1.9%), while
the peak 7.% ~ 40 eV in the outer region as shown in
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figure 7(d). Larger f*q® ~ 0.9 (ca,™9 ~ 2%) is required
to achieve appropriate divertor operation with reducing
T4V < 5 eV, and ‘full detachment’ is produced in
Fraa®™ ~ 0.93 (ca™d ~ 2.6%).

As a result, the divertor power handling (Guarger <
10 MW m~?2) was achieved for the three Py, cases in the open
and shallow divertor geometry, where the partial detachment
were not clearly formed. Further requirement of the low 7%
(<5 eV) could be achieved at large f*,q%" ~ 0.8 and c,™¢
~ 0.5% for the reference (ITER-level P,/R,) case. It would
be possible to reduce the peak giare; efficiently by improving
the divertor geometry, but this is determined from physics and
engineering requirements such as control of the large radia-
tion in the long divertor leg and extending the tritium breeding
blanket volume.

3.4. Detachment plasma formation in different divertor
geometries

Plasma simulations of the JA DEMO divertor were per-
formed also for lower Py, ~ 150 MW (Py, = 160 MW)
in order to compare detachment characteristics in the closed
and open geometries with similar Py,. Profiles of 7.,
T;%, 1.9 and heat load components at the outer target for
1P = 1.9 x 10" m™3 and f*q" ~ 0.67 are shown in
figures 8(a) and (b). Both T.*" and T;%" are reduced to 1-2 eV
near the separatrix (~13 cm), and slightly wider ‘partial
detachment’ is produced. In the attached plasma region, T,
and T;%" are increased similar to those for the larger Py,
cases, and the peak girqec appears in the attached plasma region
(r" ~ 16 cm), where the plasma transport component
becomes dominant. Comparison of T.%" in the JA and EU
DEMO divertor simulations is summarized as a function of
f*raa®™ in figure 8(c); the peak Grurger < 10 MW m ™2 is achieved
for all results in both DEMO divertors. While 7% (and garger)
near the separatrix is significantly reduced in the JA DEMO
divertor, T.%" at the peak G is still high 25-28 eV for

Fraa™ ~ 0.6 and 18-20 eV for f*q%" ~ 0.7. On the other
hand, the EU DEMO divertor requires f*,q*" > 0.67 to reduce
Gareer < 10 MW m~2, and further high f*,q"" > 0.78 to
reduce near-separatrix T.9v < 5 eV. This comparison shows
benefit of the closed geometry in order to reduce Garger, Te™
and T;%" near the separatrix. At the same time, low 7.4 and
T;%V is required to reduce the target erosion for the year-long
operation as was discussed in section 3.2. For the low P
case of the JA DEMO, n.9" is reduced from ~1 x 10% to
2-3 x 10” m™3 and T.™ ~ T;%" < 20 eV at the peak Grarget-
Although net erosion of the tungsten target will be smaller
than the reference cases, further improvements of the diver-
tor geometry and operation options such as different seeding
impurity will be explored in order to extend the partial detach-
ment width and to reduce local 7.9 and T;9" at the attached
plasma region. At the same time, feasible values or profile of
the diffusion coefficient over the near- and far-SOLs will be
demanded in order to determine the divertor operation for the
DEMO design.

Consequently, owing to the different power exhaust
concept of the main plasma, divertor performances with
Pgep/R, = 17 and 30-35 MW m ™! for the EU and JA DEMOs,
respectively, were numerically demonstrated. Some common
views were achieved, (i) the peak grger can be reduced to less
than 10 MW m~2 in the long leg divertor (Lg;, = 1.6 m) by
increasing f*,q%" larger than ITER-level (0.5-0.6), (ii) closed
divertor geometry is efficient both to produce the plasma
detachment and to reduce peak 7.4 and T;%", and (iii) ade-
quate reduction of T, and T;%V is required by increasing
F*aa™ > 0.8. It was noted that net erosion rate under the
partially detachment condition may become a critical lifetime
issue of the DEMO divertor. Further optimization of the diver-
tor geometry and operation parameters ( f*,q%", 1.°P, seeding
impurity species, etc) as well as determination of the appropri-
ate physics parameters such as diffusion coefficients are nec-
essary in both divertors. At the same time, benchmark study
between updated versions of both SONIC (JA) and SOLPS
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Figure 8. Profiles of (a) T, T}, ne, (b) qrarger and integrating heat
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results for Peep ~ 150 MW: T near the separatrix and T.%" at the
peak Guarger in JA DEMO divertor, and peak 7. in EU DEMO
divertor.

(EU) codes in the same geometry and input parameters is
required to discuss physics models incorporated.

4. Engineering design and technology
developments for the DEMO divertor

4.1. Design concepts and comparison of key parameters

Water-cooled divertor target design of the ITER technology,
i.e. W-monoblock, Cu-alloy (CuCrZr) cooling pipe and Cu-
interlayer, is a common baseline concept of JA and EU DEMO
divertors. Recent status of the JA and EU divertor designs
is summarized in table 2, which is updated from 2015-2016
designs [9], and details of each design concept are explained
in section 4.2. Common design issues and requirements were

identified during the BA DDA. Number of the divertor cas-
sette (48) is now the same for both DEMOs, and three adja-
cent divertor cassettes are replaced through one maintenance
port for the maintenance. Total weight of one JA divertor cas-
sette (~22 ton) is 2.7 times heavier than EU divertor cassette
(8.3 ton) since the former covers most of the divertor plasma
below the X-point, similar to the ITER divertor.

Neutron irradiation on the W-monoblock and Cu-alloy heat
sink is significantly increased in the both DEMOs due to
increasing operation time as well as the neutron flux. The max-
imum irradiation doses for a full power year (fpy) become
larger than those for the full operation period of the ITER
divertor, which are 0.54 and 2.5 displacements per atom rate
(dpa), respectively [28]. Therefore, the engineering design and
technology of the divertor component should consider reduc-
tions of irradiation damage and degradation of material
properties until the planned replacement. Reduction in the
thermal conductivity of W will be acceptable up to several dpa
(~3 years), which is comparable to replacement of the tritium
breading blankets. Selection of Cu-ally (CuCrZr or Cu-base
composites) for the heat sink material is owing to the excellent
thermal conductivity. Design constrains under the neutron irra-
diation condition are summarized in table 3. Design constrains
of the power handling will be firstly determined by mechani-
cal property of Cu-alloy at high temperature (>280 °C) due
to radiation induced softening and creep [29, 30]. Corrosion
on the inner wall of the pipe above 200 °C is another com-
mon design issue. At the same time, radiation induced harden-
ing at the low temperature also starts from the low irradiation
dose (~0.2 dpa). Therefore, the coolant temperature (7¢oo1)
for the high heat flux component is increased to higher than
that of ITER (~70 °C), and the selection of Ty, (JA: 200 °C,
EU: 130 °C) would be a critical lifetime issue. Comprehensive
database of these properties, design criteria and their improve-
ment are required to determine the life time of the power
handling unit.

4.2. Heat removal unit, cooling water condition and cassette
design

Arrangement of heat removal units and the coolant pipes in the
divertor cassette for the JA DEMO, and cooling water tem-
perature and flow velocity are shown in figures 9(a) and (b).
Heat sink, i.e. CuCrZr or reduced activation ferritic marten-
sitic (RAFM) steel (F82H) pipes, was determined based on
neutronics calculation and simulation result of the heat load
profile. CuCrZr heat sink units were incorporated to the inner
and outer targets, which can broadly cover the high heat load
region of 0.8 m near the strike-point. The neutronics calcula-
tion showed that the maximum dose was ~1 and ~1.5 dpa for
the inner and outer targets, respectively, for year-long steady-
state operation as shown in figure 8 of reference [11], thus the
replacement will be expected every 1-2 years, i.e. more fre-
quently compared to that of the blankets. Pressurized water
with relatively high inlet T, of 200 °C (5 MPa) was used
to minimize the irradiation embrittlement. Upper temperature
limit for the CuCrZr pipe was provided to be 350 °C, whereas
influence of thermal softening is somehow fostered above
280 °C-300 °C [32]. Tcool increases to 231 °C, and it is well
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Table 2. Key parameters of armor, heat sink and cassette for the water-cooling divertor design of JA and EU. Upper target and

baffle are removed in EU divertor.

JA DEMO (2020)

EU DEMO (2019)

Number of cassettes for toroidal coverage 48 48
Number of divertor maintenance ports 16 16
Weight of one divertor cassette (ton) ~22 8.3
Target Number at inner/outer units in a cassette 32/43 31/43
PFC/heat sink pipe W/CuCrZr W/CuCrZr
Water temperature (°C)/pressure (MPa) 200/5 130/5
Flow velocity at inner/outer (m s~!) 11/11 16/16
CHF (MW m~2) 28 48 (150 °C)
Irradiation on PFC (dpa fpy ') <0.5 <2.0
Irradiation on cooling pipe (dpa fpy ') <1.5 <72
Upper target (baffle) PFC/heat sink pipe W/F§2H
Water temperature (°C)/pressure (MPa) 290/15 —
Flow velocity at inner/outer (m s~!) 2.8/2.3 —
Irradiation on PFC (dpa fpy ') <2 —
Irradiation on cooling pipe (dpa pfy~!) <6 —
Dome (JA)/liner (EU)  PFC material (number in a cassette) W-monoblock design (37)  W-(2 mm-thick) coating/plate
PFC/heat sink W/F82H W/Eurofer 97
Water temperature (°C)/pressure (MPa) 290/15 180/3.5
Flow velocity (m s~') 3.6 (separate) Variable (series to cassette)
Irradiation on PFC (dpa pfy~!) <1.6 <1.8
Irradiation on heat sink (dpa pfy ') <5 <4.9
Cassette Structural material F82H EUROFER97
Water temperature (°C)/pressure (MPa) 290/15 180/3.5
Flow velocity at inner/outer (m s~ !) 1-2 Variable
Irradiation on cassette (dpa pfy ') <3 <6
Table 3. Design constrains of Cu and Cu-alloy under neutron irradiation condition.
Softening Embrittlement Thermal cond. reduction
Radiation-induced (dpa) Embrittlement by Reduction (20%) by
. . transmuted He transmuted product
Heat sink/ Yield strength ~ Threshold Hardening Softening (dpa) (dpa)
coolant pipe at RT (MPa) °C)
Pure-Cu ~60 — ~0.1 — 6 (at 350 °C) 40 10
appm limit
with 7 appm dpa~!
CuCrZr >400 280 ~0.2 ~1 10
ODS-Cu (GlidCop [31]) >400 300 ~0.2 1-2 10

below the critical heat flux (CHF) of 28 MW m™2. Arrange-
ment of the cooling water route for inner and outer targets was
recently revised from series to parallel to supply the coolant
with comparable velocity of 11-12 m s~! in order to reduce
the pressure drop at the inner target with incorporating smaller
number of the W-monoblock units, i.e. 32 and 43 for the inner
and outer units. This is also common design in JA and EU
DEMO divertors.

The W-monoblock units with F82H pipe were arranged at
higher neutron irradiation region such as baffles, dome and
reflectors, where the dpa rate on the F82H pipe was increased
up to 5-6, but greer Was lower than a few MW m~2. High
T ool Water (290 °C, 15 MPa) similar to the blankets [33] was
used for the electricity generation by turbine system similar to

a pressurized water fission reactor. In the heat exhaust evalu-
ation of the cooling water routes as shown in figure 9(b), the
total thermal power to the divertor was assumed to be 380 MW
including 40%—-70% margin, which was larger than the sim-
ulation result to the divertor chamber (~270 and ~220 MW
for the JA DEMO 2014 and higher-x cases, respectively). In
addition, nuclear heating of the target units (totally 118 MW)
was considered. Since maximum heat load to the divertor baf-
fles, dome and reflectors was 1-1.5 MW m~2 in steady-state
operation, the cooling water route to the reflectors and dome
was arranged by a series connection due to benefit in remote
maintenance, i.e. reducing cooling pipe branches and joints.
The water-cooled target concept is selected for the EU
DEMO as a baseline concept [32, 34-36], which can take
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Figure 9. Design of JA DEMO divertor (2020): (a) arrangement of the targets, baffles, reflectors, dome and cooling pipes in a cassette,

(b) flow velocity, coolant temperature and pressure in the CuCrZr and F82H pipes for the heat sink units. Here, heat removal is evaluated
with assuming both the inner and outer gyge; to be 10 MW m~2, which was larger than the simulation result in section 3.2. Recent design of
EU DEMO divertor (2019): (¢) cassette with target plates, neutron shielding liner and cooling manifold, (d) flow velocity, coolant

temperature, pressure for targets and cassette body.

advantages of the thermal conductivity and the thermohy-
draulic properties compared to helium gas. The divertor con-
figuration has been revised recently to the one shown in
figures 9(c) and (d). Both the inner and outer baffles were
removed, and the breeding blanket was extended instead, in
order to increase the tritium breeding volume. At the same
time, the total weight was reduced to ITER-level (8.3 tons).
Length of the vertical target was comparable to the JA diver-
tor target (0.8 m). The coolant route was divided to the inner
and outer targets. The inlet temperature was recently reduced
from 150 °C to 130 °C, and the flow velocity were increased
to 16 m s~ in order to increase the CHF to 48 MW m™2.
On the other hand, because of removing divertor baffles, the
maximum dpa rates on the W armor and CuCrZr pipe of the
target were increased to 2.0 and 7.2 dpa fpy~', respectively.
Here, these dpa rates on the W armor and CuCrZr pipe are
comparable to those on the divertor baffle for the JA DEMO
divertor, where the dpa rate for CuCrZr is slightly larger
than that for F82H ferritic steal. It is noted that the dose
for the CuCrZr pipe at the outer strike point is expected to
reach 2.8-3.7 dpa fpy ! for the EU-DEMO divertor [37, 38],
which is larger than ~1.2 dpa fpy~! for the JA DEMO [11],
due to influence of the open and shallow divertor geome-
try. Reduction in the thermal conductivity of CuCrZr and
Cu-interlayer is anticipated at larger than 10 dpa for multi-
year operation. Degradation of the mechanical property of
heat sink and joint/interlayer caused by radiation induced

1

softening and/or hardening at the lower dpa can be minimized
by application of new W and Cu/Cu-alloy target concepts as
shown in section 4.4.

Cassette body design for the DEMO divertor has been
developed both for EU and JA to incorporate the power
exhaust units and coolant pipes, which will be consistent with
reducing the fast neutron flux to protect the vacuum vesse
(<2.75 dpa) and replacement of the power exhaust units. Num-
ber of the main coolant pipes is minimized to 4 for the both
designs, and inlet and outlet are located at the outboard cas-
sette. The cassette structures and cooling water condition are
different, while the cassette structure can be made by weld-
ing of similar RAFM steel (Eurofer97 or F82H). EU cassette
body is composed of a box structure with internal ribs, and it is
cooled with another cooling loop with the inlet 7,0 of 180 °C,
which ensures the entire structure sufficient fracture toughness
at the neutron damage (<6 dpa) [39, 40]. The dome (‘liner’)
and reflectors are simplified from those in ITER as shown in
figure 9(c). Since the exhaust slot is designed to be at the bot-
tom of the cassette, the liner mainly has a role in reducing the
neutron flux to the cassette and the bottom area of the vacuum
vessel. The same coolant of the cassette body is used by a series
connection as shown in figure 9(d). The interface between
feeding pipes and fixation systems, and the design integration
are on-going. JA cassette consists of thick (25 cm) plate struc-
tures with two lines of cylindrical coolant puddles in order
to reduce the fast neutron and ~y-ray fluxes. The exhaust
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Figure 10. (a) W-monoblock geometry and the heat flux components to the fish scale target. Distributions of the surface temperature: (b) on
four monobloaks near the peak heat load, (¢) in the cross-section at the peak heat load. g1 and 7’1 correspond to the peak heat load and the
peak temperature, respectively, for case-1. g2 and 72 are those for case-2. Distributions of heat flux at the inner CuCrZr pipe and
cross-section at A—A: (d) case-1: lower and (e) case-2: higher heat flux cases. (f) Mechanical strain in z-direction at the outer and inner
surfaces of the cooling pipe. (g) Stress—strain characteristic during 15 heat load cycles.

slot is located at the outboard bottom in order to reduce
the neutron flux to the vacuum vessel. The high T, water
(290 °C, 15 MPa) is provided from the inboard and outboard
manifolds of the cassette through the side routes of the cas-
sette body to the puddles as shown in figure 9(b), and it finally
exits to a manifold near the exhaust slot. The coolant veloc-
ity of 1.5 m s~! is enough to remove the total nuclear heat of
0.7 MW in one cassette body, corresponding to totally 32 MW
for 48 cassettes.

4.3. Heat and stress analysis of ITER-type monoblock
design

Analysis of the heat transport and stress on the power exhaust
unit of the JA DEMO target was carried out with three-
dimensional modelling, considering the divertor heat load
components in the partial detachment. The peak Grger Of
10 MW m~2-level on the flat target consists of combination
of the plasma (along the magnetic field line) and radiation
(perpendicular to the target) loadings. Figure 10(a) illustrates
geometry of the fish scale W-monoblock target and heat flux
components. The monoblock size in the toroidal direction,
the gap width, the height between the adjacent surfaces, and
the inner diameter of the coolant pipe were 25 mm, 0.5 mm,
0.4 mm, and 12 mm, respectively, which were similar dimen-
sion of the ITER monoblock target. Since the total incident
angle of the magnetic field line to the fish scale target sur-
face (2.4°) is smaller than ITER, the plasma-wetted area cor-
responds to 63% of the downstream side of the target. Two
cases of the heat load profiles were given for heat trans-
port analysis: the maximum W-surface temperatures corre-
spond to ~1200 °C (case-1), and ~1400 °C (case-2), which
appear near the downstream edge. The former and the latter

correspond to just below and well above the critical tempera-
ture of W-recrystallization, and the peak giaret at the plasma-
wetted area are 13.5 and 15.2 MW m 2, respectively, as shown
in figures 10(b) and (¢). It is noted that these values correspond
to the peak et = 9.1 and 10.8 MW m ™2 for the flat target.
Nuclear heat in the W-monoblock is included, which is less
than 10% of the total heat load. The maximum temperatures
of the CuCrZr pipe, 351 °C and 365 °C, respectively, appear
at the upper surface. Mechanical toughness of the cooling pipe
is also near critical against thermal softening, thus, stress and
elasto-plastic analysis were performed for the CuCrZr pipe as
a structure material.

The heat fluxes up to 18 and 22 MW m~2 are widely dis-
tributed on the water side of the cooling pipe for case-1 and
case-2, respectively, as shown in figures 10(d) and (e). These
values are well below the CHF (28 MW m~2): the heat fluxes
from the pipe to the coolant correspond to 64% and 79% of the
CHE, which are acceptable for the heat removal. As a result,
the target design with Ty, of 200 °C can handle the peak
Grarer Of 10 MW m~2 level including the nuclear heat, while
less than 9 MW m~2 is preferable to minimize the surface
recrystallization.

Residual stress and strain is also evaluated with repeat-
ing the high heat flux, where the surface temperature changes
between base-temperature of 207 °C and peak value at each
location as shown in figure 10(c). Here, zero strain is assumed
at the brazing process (950 °C) as the initial condition of
the analysis history. Result of elasto-plastic stress analysis
in the extreme condition of the case-2 is summarized. Ther-
mal stress of the W-monoblock is increased particularly at the
upper and the side inner surfaces: Tresca-stress corresponded
to 680 MPa. At the same time, some peaks appear at the
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(a) ITER-like
(Cu interlayer)
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Figure 11. High heat flux target technologies developed in EU. Reprinted from [41], Copyright (2021), with permission from Elsevier.:
(a) ITER-like monoblock baseline concept, (b) thermal break interlayer concept, (¢) composite pipe of W-wire in Cu (W¢/Cu), (d) graded
interlayer, (e) flat W-tiles and W particle/Cu composite block, (f) He cooling target using multi-jet pipe.

upper inner surface and side outer surfaces of the CuCrZr
pipe: Tresca-stress corresponds to 280 and 305 MPa, respec-
tively. Figure 10(f) shows that elastic plus plastic strain,
i.e. mechanical strain, in the pipe axis (z)-direction (gz) is
increased at the inner (expansion) and outer (compression) of
the CuCrZr pipe. The expansion is seen in the heat sink under
the monoblock with increasing the heat flux. Thus, the com-
pression of the heat sink is caused between the monoblocks.
Stress (oz)—strain(ez) trace at the maximum stress loca-
tion shows similar trajectory during 15 heat load cycles in
figure 10(g), but the maximum compression stress is gradu-
ally increasing. Change in €z was ~0.25%, which may not be
critical for life time issue. Experimental study of fatigue will
be required at the operation condition.

4.4. Development of target technologies for DEMO

Several technologies for the high heat flux target have been
developedin EU [34] to survive under DEMO-relevant neutron
irradiation condition. All are based on W as a baseline armour
material, and Cu-alloy pipe with swirl tape to increase the heat
transfer at the pipe wall. Material properties of CuCrZr and
Cu-interlayer are anticipated to limit the performance of the
target heat sink, e.g. irradiation creep above 350 °C and irra-
diation embrittlement below 250 °C [32]. Thus, it is rein-
forced by various kinds of Cu-W composite materials and
novel interlayer materials as shown in figure 11 [41].

(a) ITER-like W-monoblock with a CuCrZr cooling pipe is
a baseline concept also in the DEMO divertor, but the
monoblock size is modified to decrease the cross section
width to 23 mm, instead of 28 mm in ITER, while the axis
thickness of 12 mm is the same, in order to reduce thermal

stresses. The armor thickness of 8 mm to the cooling pipe
is comparable.

(b) Thermal break concept (developed in CCFC) is based on
ITER W-monoblock target. The concept features cut-outs
in the Cu-interlayer in the area of the highest heat flux to
achieve a more uniform distribution of the thermal flux
around the cooling pipe circumference.

(c) Composite pipe concept (developed in IPP) is based on
a W wire-reinforced Cu composite pipe, which expects
better strength of the cooling pipe, in particular, at high
temperature (>350 °C).

(d) Functionally graded W/Cu (FGM) interlayer concept
(developed in CEA) aims replacing thick Cu interlayer,
which is expected to be fully embrittled by fast neutron
due to segregation of transmuted He at grain boundaries.
Graded thin (30 p#m) and think (500 zm) W—Cu interlayer
is used to improve joining strength.

(e) Flat-tile concept with a composite heat sink block (devel-
oped in IPP): W particle-reinforced Cu composite block
is expected to enhance the mechanical resilience of the
irradiated heat sink against structure failure. The use of
the W—Cu composite is supposed to reduce the thermal
expansion mismatch between the armor tile and the heat
sink block.

In addition, He cooling target using multi-jet pipe by W

and W-laminate (developed in KIT) is also developed as

an option [36].

)

Recently, small-scale mock-ups of each concept have been
fabricated and tested by means of hydrogen neutral beam in
the GLADIS under the high power density at 20 MW m~2 up
to 500 cycles (130 °C coolant, which is expected operation
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temperature). A good production quality and reliable high-
heat-flux fatigue performance was demonstrated. All mock-
ups showed intact structural integrity and stable heat removal
capacity over the entire loading cycles. Modest roughening of
the W-armour surface and swelling of the blocks due to inelas-
tic deformation was found. The metallographic examination
revealed that the upper half of the armour blocks were com-
pletely recrystalized, but no discernable cracks were found in
any of the tested armor (290 blocks). Furthermore, other ITER-
like mock-ups were tested at 25 MW m~2 up to 500 pulses
(20 °C coolant) for overload tests. Also under the increased
power density, the mock-ups exhibited intact structural
integrity and stable heat removal capacity, even though there
was a single fine crack (6 mm in depth) initiated from the armor
surface which underwent a pronounced inelastic deformation
leading to overall severe roughening. The mock-ups even with-
stood the overload up to 32 MW m~2 (5 pulses) without any
detrimental impact nor melting. The future R& D will be
focused on an upscaling trial towards a medium-scale man-
ufacturing (40 cm length) using the W wire-reinforced com-
posite pipe.

5. Summary

Significant progress in the power exhaust concepts and DEMO
relevant divertor designs has been made through the BA DDA
phase-I period (2011-2020). Different power exhaust scenar-
ios have been developed for JA and EU DEMO concepts,
while a common critical issue is the large power exhaust of
Preat = 430-460 MW in the main plasma and divertor by
the radiative cooling (Pryq"/Pheat = 0.8). The JA proposed
a conventional closed divertor geometry to challenge large
Pyp/R, handling (~30 MW m™!) in order to maintain the radi-
ation fraction of the main plasma at slightly larger than the
ITER-level (fraq™ " = Prog™"/Ppear ~ 0.4) and higher plasma
performance (HHogy» ~ 1.3). The EU challenges both increas-
ing fraa™ " to ~0.65 and handling the ITER-level Py.,/R,, in the
open divertor geometry, where increasing the tritium breading
blanket volume is anticipated.

Power exhaust simulations have been performed by SONIC
(JA) and SOLPS5.1 (EU) in similar long leg divertor
(1.6 m) with similar g, profile width (A, ~ 3 mm), where
Pgp = 250-300 MW (JA) and 150-200 MW (EU). Large
divertor radiation fraction (f*,q™ = Pq™/Psp > 0.8) was
required to reduce both peak Gureer (<10 MW m~?) and
T.% in 1% range (JA: 2-3 x 10'°, EU: ~3 x 10" m~3)
lower than ITER. In addition, the JA divertor performance was
simulated with the EU-reference Py of 150 MW. This com-
parison showed benefit of the closed geometry to reduce the
peak Gurger and T near the separatrix, and to produce the
partial detachment. At the same time, further improvements
of the divertor geometry and operation options such as differ-
ent seeding impurity will be explored in order to extend the
partial detachment width and to reduce local 7.4 and T;%" at
the attached plasma region. Feasible values or profile of the
diffusion coefficient over the near- and far-SOLs will be also
demanded in order to determine the divertor operation for the
DEMO design.

Integrated designs of the water cooled divertor target, cas-
sette and cooling pipe routing have been developed in both
EU and JA, based on the tungsten (W) monoblock concept
with Cu-alloy pipe. For year-long operation, DEMO-specific
risks such as radiation embrittlement of Cu-interlayers and
Cu-alloy cooling pipe were recognized by both JA and EU, and
further restrictions of Gureer and T were anticipated. Both
foresee higher water temperature (130 °C-200 °C) compared
to that for ITER. At the same time, several improved technolo-
gies of high heat flux components have been developed in EU
in order to reduce thermal stress and to strengthen the heat
sink and interlayer. Different heat sink design, i.e. Cu-alloy
cooling pipes for targets and RAFM steel ones for the baf-
fle, dome and/cassette, with appropriate water conditions, i.e.
200 °C/5 MPa and 290 °C/15 MPa, respectively, was proposed
in the JA divertor. The latter pressurized water will be used for
the electricity generation. The two approaches provide impor-
tant case-studies of the DEMO divertor, and will significantly
contribute to both DEMO designs.
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