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ABSTRACT

Power exhaust concept and appropriate divertor design are common critical issues for DEMO
design activities, which have been carried out in Europe, Japan, China, Korea and USA.
Conventional divertor concepts and power exhaust studies for recent DEMO designs (Pfusion =
1-2 GW, R, = 7-9 m) were reviewed from the viewpoints of the plasma physics study and the
divertor engineering design. Radiative cooling is a common approach for the power exhaust
scenario. Requirements of the main plasma radiation fraction (frad™ " = Prad™"/Phear) and the
plasma performance determine the divertor design concept. Different challenges, (i) increasing
the main plasma radiation fraction and simplifying the divertor geometry for ITER-level Psep/R,

design, and (ii) extending ITER divertor geometry with increasing divertor radiation (Praa®")
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for larger Psp/Rp > 25MWm! design, will contribute to optimize the future DEMO design.
ITER-based divertor geometry with longer leg length (1.6-1.7 m) is a common baseline design,
and power exhaust simulations with larger Psep =150-300 MW have been performed using
integrated divertor codes. Geometry effects (ITER like one or more open one without baffle)
on plasma detachment profile and the required divertor radiation fraction (frad®™ = Prag®"/Psep)
were important key. All simulations showed reduction in the peak garget < 10MWm for the
large fraa®™ = 0.7-0.8, while the peak qarget location and value were significantly different in the
partial detached divertor. Simulation results also demonstrated that diffusion coefficients of
heat and particle fluxes were a critical for DEMO divertor design, and that effects of various
drifts on outboard-enhanced asymmetry of the heat flux, which may need further longer led to
insure the detached divertor operation window.

Integrated design of the water cooled divertor target, cassette body (CB) and cooling pipe
routing has been developed for each DEMO concept, based on the ITER-like tungsten
monoblock (MB) and Cu-alloy pipe. Engineering design adequate under higher neutron
irradiation condition was required. Therefore, inlet-7coot Was increased and has so far large

variation between 70 ‘C and 200 °C. Influence of thermal softening on the CuCrZr pipe was

fostered near the strike-point when the high giarget of 10 MWm2-level was exposed. Improved
technologies of high heat flux components based on the ITER W-MB unit have been developed
in EU. Two coolant conditions (lower- and higher-7¢o01) and routes for the Cu-alloy and RAFM
steel heat sink MB units, respectively, and the latter coolant was also provided for CB and
supporting structures. Appropriate conditions for the latter coolant, i.e. 180°C/ 5 MPa (EU-
DEMO) and 290°C/ 15 MPa (JA DEMO, CFETR and K-DEMO), will be determined in the
future optimization of the divertor and DEMO design.
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1. Introduction

Demonstration of electricity production larger than internal consumption is the most
outstanding challenge of DEMO fusion reactor. The fusion power (Prsion) and device size
(major radius: Rp) are increased in order to achieve electricity generation larger than the internal
consumption (net electricity generation), and tritium breading sustainable for the fusion
reaction (self-sufficient tritium breading). Power exhaust concept and the appropriate divertor
design are common critical issues for DEMO design activities, which have been carries out in
Europe, Japan, China, Korea and USA. Representative plasma parameters and heating power
of recent DEMO concepts [1-8] are investigated by using tokamak system codes as shown in
Table 1. Those for ITER [9,10] are added. EU DEMOI baseline design (Rp/ap = 9.0/2.9 m, ap:
midplane minor radius) is shown. Power handling concept of a recent proposal, i.e. Flexi-
DEMO [11] (Rp/ap = 8.4/2.71 m, aiming for not only a pulsed operation but also a steady-state
operation if the plasma performance is improved), is similar to the baseline design. Pulsed
operation performance was also investigated in the steady-state design of JA DEMO 2014
(Rp/ap = 8.5/2.4 m) [3]. For CFETR (Ry/ap = 7.2/2.2 m) [5] and K-DEMO (Ry/ap, = 6.8/2.2 m)
[6,7], plasma parameters at the first stage are shown. Design activity for FNSF (Ry/ap = 4.8/1.2
m) [8] was recently reviewed, which aims developing sufficient engineering and technology
for tritium breading (TBR ~1.0) and electricity production (equal to internal consumption). A
power plant concept ARIES-ACT1 [12] (Rp/ap = 6.25/1.56m) will achieve above DEMO
missions in USA.

Generally, pulse DEMO concept has larger Prsion, and steady-state concepts require to
increase auxiliary power (Paux) for current drive of the plasma current (/,). The total heating
power (Pheat) by a-particles (Po) and Paux of these DEMO concepts is increased to 1.8-3 times
larger than that of ITER, while R, is restricted from comparable to 1.5 times larger. A power
exhaust parameter of Pnea/Rp (39-62 MWm'!) suggests significant increase of the heat flux in
the scrape-off layer (SOL), comparing to that of ITER (24 MWm'), without considering
radiation loss in the main plasma (Prd™*"). Double null divertor design is proposed (K-DEMO,
FNSF) or considered (EU DEMOV1) for devices with Pheat/Rp, larger than double of ITER. The
power exhaust scenarios in the main plasma and divertor have been investigated for these
DEMO concepts, where the radiative cooling by impurity seeding is a common approach. The
total radiation fraction in the main plasma and divertor becomes large (frad" = Prad""/Pheat > 0.8,
where Prad'® = Prag™ " +Praa®® +Prad!lV: total radiation loss in the main plasma, SOL and divertor),

compared to that for ITER (frad™ = 0.6-0.7) in order to reduce the peak heat load on the divertor



target (grarger) to 10 MWm2 level [9,10].

Conventional divertor designs were developed for these DEMO concepts, based on the ITER
divertor. Power exhaust simulations in the divertor have been performed by integrated divertor
simulation codes to predict a self-consistent transport solution of the plasma, neutral and
impurities in SOL and divertor. Particularly for the reactor design, the plasma detachment is
required to significantly reduce both the plasma ion and electron temperatures near the strike-
points (7%, T.%") and the peak giarget. Formation of the plasma detachment and the operation
window under key power exhaust parameters such as exhaust power to the SOL (Psep = Pheat -
Prad™™), radiation loss fraction in the SOL and divertor normalized by Psep (f*ad® = (Prad®
+Prd)/Psep) and characteristic length of the heat flux profile in SOL (A,°) have been
investigated to determine appropriate divertor design [13-23]. Larger f*.q%" is required with
increasing the divertor power handling parameter (Psep/Rp), compared to ITER (f*.44" = 0.5—
0.6, Psep/Rp = 16 MWm™") [24].

It is also necessary to develop the foreseeable technical solution of the divertor under severe
neutron irradiation condition, compared to ITER. The design of the plasma facing components
(PFCs) is mostly based on the ITER technology [25], i.e. tungsten (W) monoblock and cupper
(Cu) alloy pipe for the heat sink of the water cooling concept. Here, helium (He) cooling
concept is considered for FNSF and an option of EU DEMOI1. Double null design will
significantly affect engineering issues such as reinforcing the upper divertor coil, reducing
tritium breeding blanket (BB) volume, and restricting the remote maintenance. In addition,
accurate control of the double null plasma configuration to obtain the equal up-down power
distribution is required, and outboard enhanced heat flux asymmetry in the SOL is also
considered as a physics issue.

This paper reviews recent progress of the baseline power exhaust scenario of representative
DEMO concepts and divertor design studies in order to identify critical issues and technical
challenges in physics, engineering and technology. Common view and differences in the
divertor design concepts are summarized. Power exhaust concepts for DEMO plasma designs
are shown in Sec. 2. Section 3 reviews recent progresses of power exhaust simulations for
DEMO divertor design; simulation codes and input conditions, plasma detachment and divertor
operation, divertor geometry, W erosion estimation in the partially detached divertor, and
effects of diffusion coefficients, are summarized. Concepts of the heat removal technology and
the divertor engineering design, and their issues are summarized in Sec. 4. Progresses and key

issues are summarized in Sec. 5. Advanced magnetic configurations and alternative concepts,

transient heat load and PWI for DEMO are not covered.



2. Power exhaust concepts with impurity seeding

Power handling in the main plasma is determined by conflicting requirements of increasing
the radiation loss fraction (fiag™ " = Prag™"/Pheat) and the plasma performance as characterized
by the enhancement factor of the energy confinement (HHos(y,2)) and the normalized S (fn).
Power exhaust concepts were investigated in EU DEMOL [1, 26] and JA DEMO higher plasma
elongation (xvs = 1.75: elongation at 95% of ap) [27] from the parameter scans by EU and JA
system codes (PROCESS [28] and TPC [29], respectively). Key power exhaust parameters for
single null divertor DEMOs are summarized in Table 2. Different power exhaust scenarios were
proposed for the EU and JA DEMO concepts.

EU DEMOI1 aims for 2-hours pulse operation with producing net-electricity of Pnet = 500
MW with Prusion ~2 GW, which is based on the performance of ITER with conservative
improvements in physics and technology. Design points of the DEMO size (Rp) and the toroidal
field (Brt) were predicted as a function of Psp ratio above the L to H-mode transition threshold
power [30] (fun = Psep/PLu), with achieving ITER-level HHogy,2) (1.1) and stable fn (2.6) by
impurity seeding as shown in Fig. 1(a)(b) [31]. Reference values for the divertor operation
boundaries are shown by three thick lines; (i) maximum tolerable heat load condition of
PsepB1/qosRpA ~9 MWTm™! (gos: safety factor at 95% of ap, A = Rp/ap: plasma aspect ratio), (ii)
critical impurity concentration in SOL to produce the divertor detachment (cz4et) comparable
to a reference value (crer), which is consistent with the fuel dilution in the main plasma, and
(ii1) Psep = Pru. Here, Czqet 1s normalized value of ¢z qet at fun = 1.38. Appropriate design points
for the divertor operation (PsepBi/qosRpA <9 MWTm!) and impurity concentration (&zdet <1)
are shown within colored area (A and B), and EU DEMO1 design point (R, = 9.0 m, Br=6T)
was determined at fig = 1.2 and existing superconductor technology (“A”).

Therefore, the DEMO1 concept challenges increasing frad™" to ~0.67 by impurity seeding
scenario with higher-Z impurities such as Kr and Xe, in addition to Ar in order to employ ITER-
level power handling in the divertor (Psep/Rp ~17MWm'!), as shown in Fig. 2. Power exhaust
parameters of Flexi-DEMO, i.e. frad™"~0.67 and Pscp/Ry ~20MWm'! for the pulsed plasma and
frad™¥7~0.61 and Psep/Rp ~23MWm'! for the steady-state plasma, are also added. It is noted that
the ambiguity of Pru is relatively small from the power threshold database in low Zet less than
2 [30], which will be applied to the ITER operation. Thus, further improvement of the database
with regard to impurity seeding and Py scaling for higher Zsr are necessary to determine PrLu

for the DEMO plasma design. At the same time, another challenge of reducing the divertor



coverage, i.e. removing the divertor baffle, is proposed to increase the trittum BB volume. Such
high fad™" was reported in the ASDEX-Upgrade (AUG) H-mode experiment with Ar and
nitrogen (N) seeding [32, 33], and some representative database are plotted in Fig. 2.

JA DEMO aims for the steady-state operation with producing Pret of a few 100 MW with
Prusion ~1.5 GW and installing enough central solenoid (CS) coils for full inductive plasma start.
High plasma density is demanded from the viewpoints of the power exhaust and reduction in
the fuel dilution. For the primary plasma design (JA DEMO 2014) as shown in Table 1, high
Greenwald density fraction of SV = 71./nV = 1.2 (nSY = L/ray? [10*° m>, MA, m]) was
assumed since I, and line-averaged density (7i.) were restricted to 12.3 MA and 7.9x10" m™,
respectively. Further increase of ca™" reduced Prusion lower than 1.5 GW-level due to the fuel
dilution, and, at the same time, HHos(y.2) higher than 1.3 was required. Therefore, car™", Pryg™i"
and fr.d™" were restricted up to 0.25%, 82 MW and 0.22, respectively.

JA DEMO higher-x design increased I, to 13.5 MA and 7. to 8.6x10'” m™, and also
improved the plasma performance such as Prsion and ze. Thus, the baseline requirements
(HHosy,2)= 1.3, v = 3.4) for the steady-state DEMO plasma can be obtained under the higher
condition of ca/™"= 0.6%, as shown in Fig. 1(c) and Table 2: Pheat becomes comparable to that
of EU DEMOI, Prag™" is largely increased to 177 MW, and Psep is rather reduced from 294
MW (DEMO 2014) to 258 MW, which has an enough margin above Pru (fuu = 2.2). Therefore,
the power exhaust concept of fra™" ~0.4 with HHos2) = 1.3 (both are slightly higher than
ITER-level) and large Psep/Rp (~30MWm'!) is a challenge for both the main plasma and divertor
performances. The power exhaust parameters for both JA DEMO designs are shown in Fig. 2,
where some representative results of frad™*"~0.4 and detached divertor experiments in JT-60U
long-pulse Ar seeding were plotted [34]. Here, vertical stability of the high xvs plasma was
sustained by passively induced current in the conducting structures without in-vessel control
coils. Increasing xvs from 1.65 to 1.75 required improvements of the conducting shell design
such as increasing the electrical conductance (shell width) and installing an additional shell
behind the inboard BBs [35].

Since nSY for both DEMO designs are lower than that of ITER (1.1x10?° m™), H-mode
operation with high /W > 1 is required to satisfy appropriate Pfsion and Pret. On the other hand,
recent experiments (JET-ILW and AUG) reported the restriction at high-fV (0.9-1) to obtain
H-mode plasmas only by external gas fueling [36]. A relatively peaked profile of n. and a
pedestal density of less than n%V will be necessary for the DEMO plasma to obtain the high

SV, and an internal transport barrier (ITB) of the T¢ and T; profiles as well as the n. profile will



be maintained, in particular, for the JA DEMO plasma to achieve higher HHogy,2) and Sy .

A plasma performance for the first target of CFETR steady-state scenario was proposed [19],
focusing on the tritium breeding; Prusion ~1GW and keeping stable A (2.0) and high HHogy,2)
(1.4) at relatively low 7. (6.2x10" m™) and /W (0.67), which challenges the high-x plasma
design actively controlled by in-vessel coils. Power exhaust result is shown in Table 2. Power
handling of large Psep (219 MW) and Psep/Rp, (30 MWm'!) is required in the divertor due to low
Jrad™" (0.28), as shown in Fig. 2. Further improvement of S (~3.0) will achieve high bootstrap
current fraction (fgs ~0.75) as the DEMO level performance of Prusion ~2GW with increasing
7l up to n9V. In addition, corresponding hybrid operation scenario with ohmic heating fraction
of 0.3, aiming for slightly reducing HHos(y2) (~1.2) and increasing 7 (% = 0.85) for the
comparable Prusion, reduces Psep (177 MW) and Psep/R, (25MWm'!) with the same frag™™.

First phase of the K-DEMO (R, = 6.8m, Prsion= 2.2 GW) steady-state concept proposed to
increase frad™i" ~0.4 in order to handle the large Pheat ~ 600 MW [21] and to achieve the high
plasma performance with high fgs, i.e. HHogy,2)= 1.2, fv=2.8, fgs= 0.77 [7]. FNSF long pulse
scenario proposed relatively low frad™" = 0.24 for HHogy.2)~1, Bv = 2.6, fas = 0.52 [8]. While
Psep (360 and 177 MW) was different, Psep/Rp became large (53 and 37 MWm'!, respectively),
which were 2.3-3.3 times larger than that of ITER. Thus, the double null plasma configuration
was chosen to distribute the large Psep to the upper and lower divertors.

Consequently, in the recent DEMO-level power exhaust, Phea is 2-4 times larger than that
of ITER, exhaust scenario of the large thermal power both in the main plasma and divertor is a
common high priority issue. Representative concepts of increasing fraa™" with the high plasma
performance (HHosy,2), P, fas) are summarized for the DEMO missions, which determine
power handling in the divertor. At the same time, we should design adequate performance of
the power handling and particle exhaust in the relatively low density DEMO plasmas. Design
improvement to the high plasma density is demanded from the viewpoints of reduction in the

fuel dilution, and the power exhaust in the main plasma and divertor.

3. Power exhaust simulation for DEMO divertor design
3.1 Divertor simulation codes and conditions

Conventional designs of DEMO divertor have been developed, based on the ITER divertor.
Large power handling of Psp/R, ~30 MWm'! is an important challenge for JA DEMO and
CFETR, and similar size of a long leg divertor (Lgiv = 1.6-1.7 m, i.e. 1.6-1.7 times longer than
ITER) is proposed as shown in Fig. 3(a) and (b), respectively. For the JA DEMO divertor, the



poloidal angle between the separatrix and target surface at the strike point (&) is designed as
30° and 25° at the inner and outer targets, respectively. The magnetic flux expansion along the
target, i.e. fexp'V/sin @ where foxp®¥ = (Bp/B1)™Y/(Bp/Br)", is similar (12) at the inner and outer
targets. The inner and outer divertors cover all divertor plasma volume, and the SOL field lines
within the outer midplane radius (#™¢) of 4 cm is contacted to the inner and outer divertors. The
outer target angle of CFETR is smaller than those of the JA DEMO and ITER, thus compression
of the neutral particles and efficient formation of the plasma detachment will be expected
particularly near the strike-point. Design concept of the ITER divertor is simplified for the EU
DEMO in order to increase the BB volume, i.e. baffles are removed and targets cover near the
strike-points. The long leg divertor with similar ¢V at the outer strike point with the open
geometry is planned as shown in Fig. 3(c). In addition, instead of the dome structure, a shielding
liner is installed in the private region to cover the exhaust opening against neutron flux.
Divertor plasma performance has been simulated with Ne or Ar impurity seeding for DEMO.
Figure 3 also shows calculation mesh for the divertor simulations of SONIC on the JA DEMO
divertor [13], SOLPS5.0 on the CFETR divertor [19], and SOLPS-ITER on the EU DEMOI1
divertor [16]. Studies of longer leg divertor and activating drifts effects on the CFETR divertor
were performed by SOLPS-ITER [20], and both the inner and outer leg lengths were recently
extended (1.6 m and 2.4 m, respectively). For the EU DEMO simulation, shielding liner is
removed in this work. Exhaust power (Pou) and particle flux were given at the core-edge
boundary; Pou = 250, 200, 150 MW for above reference cases, and Psep = 235, 193, 148 MW,
respectively, which were slightly smaller than Poy since the radiation loss in the plasma edge is
less than 7% of Pou. Application of the ion and electron diffusion coefficients on the heat flux
(ri, xe) and particle flux (D) for the SOL plasma is a critical issue to simulate the divertor
performance. Representative power exhaust parameters and diffusion coefficients are
summarized in Table 3. For the JA DEMO, yi = y. = 1 m?s™! and D = 0.3 m?s! were the same
as the “standard” values of ITER simulation by SOLPS4.3 [37]. The e-folding length near the
outer midplane separatrix (Aq/™) of the parallel heat flux (g,) profile (including electron and
ion components) corresponded to 2.9 mm, which was narrow compared to 3.6 mm in the ITER
simulation due to higher 7.*P and 7i*°P in the JA DEMO (370 and 830 eV, respectively). While
the same y and smaller y = 0.18 m?s’! were given for CFETR and EU DEMOI, respectively,
typical Aq/ " is provided to similar value of ~3mm. For the UEDGE simulation on the FNSF
divertor [22], half power of Psep (0.5x176 MW) was assumed to transport to the lower divertor

and smaller y = 0.5 m?s”! provided smaller Aq/™¢ ~2 mm. On the other hand, Aq/™¢ was scaled



by Ag/F" = 0.7-B%77-q95" 0. Psep? [mm, T, MW] [38] based on experiment database of the heat
load profiles under the attached divertor condition, and the scaling predicted Aq/FM = 0.9 and
1.2 mm for ITER and JA DEMO, respectively. Similar to the ITER case, Aq/™4 used for DEMO
simulations is also wider than the empirical scaling. Reductions of both y and D to 1/2 and 1/4
produced smaller Aq/™¢ of 1.6 and 1.2 mm, respectively, in ITER simulations [37] and the peak
g, became larger. On the other hand, increase of the peak giarget remained slightly (20-40%) due
to enhancement of the particle recycling near the divertor separatrix. Influence of reducing the

diffusion coefficients for the JA DEMO simulation is shown and discussed in Sec. 3.5.

3.2 Plasma detachment and divertor operation at low density

A simple formula of the target heat load by the plasma (g™ is described by Psep, f*raa®,
Aq/™4 and the flux expansion along the target (sin @/foxp®Y), as following, g8 = (Pgep/Ryp)-(1-
[Ead™) (5in P/ faxp ) (4T A/ 9D 1 where power reduction in the detachment is represented
by a dissipation factor (D). Integrated divertor simulation provides two dimensional transport
solution of the plasma, neutral and impurity in the divertor. Psep, f*a™ and diffusion
coefficients are important key parameters for the divertor performance. In particular, for the
large Psep/Ry DEMO design, larger f*.4%" is required compared to that of ITER (0.5-0.6).
Simulation study will provide appropriate divertor size and geometry to maintain the large
radiation peak in the divertor chamber. At the same time, n.*®/n%YV was reported to be ~1/3 in
the H-mode plasma experiments [39, 40] and similar fraction in “standard” ITER simulations
[37]. A recent experiment result was also lower than critical values of 0.4—0.5 [41], which was
consistent with the edge ballooning stability model. As a result, the operation range of n.*?/n%W
is expected to be 0.3-0.5, thus the operation boundary will be investigated in the lower density
range of n*® =2 - 3.5x10"” m™3, compared to that of ITER. Representative JA and EU DEMO
results are mainly shown as different power exhaust concept and divertor geometry.

Divertor operation in the low n¢*P range and influences of the key parameters were recently
investigated in JA DEMO [13]. A series of ns™¢ scan was performed with changing fuel gas
puff and divertor pumping rates (2-10x10%2 Ds™!), where Ar seeding rate was controlled to keep
a given f*.4%" value. Two reference series for “JA DEMO higher-«x” (Case-1: Psep ~235MW
and f*.d ~0.8) and “JA DEMO 2014” (Case-2: Psep ~283MW and the same f*,¢'"), and severe
condition with reducing f*u.d®™ to ~0.7 for the two references (Case-3 and Case-4) were
investigated. Above power exhaust parameter, Psep*(1-/*d""), corresponds to 50, 60, 75 and 90
MW, respectively. Figure 4 (a) (b) show distributions of the radiation power density (Wrad) in



the inner and outer divertors at ne*® = 2.0 x 10! m™3 for Case-1, corresponding to a near lower
boundary of the n.*P range. Total radiation powers in the two divertors are comparable, i.e., 79
and 82 MW, respectively. The large radiation peaks near the separatrix are maintained at the
upstream on both divertor legs. In the inner divertor, a large Wraq is seen at 40—60 cm upstream
of the target near the separatrix, and it is maintained far above the inner target. 7. is decreased
to ~1 eV over most of the area of the target, which we describe as “full detachment”, as shown
in Figure 4 (c). Total heat load (garget) 18 evaluated by including surface recombination of the
ions (g = ni"VCIVEion, where nid"V, Cs4 and Eion are ion density, sound velocity at the divertor
sheath and recombination energy, respectively), radiation power load (¢:*?) and neutral flux
load including charge exchange and volume recombination processes (¢¢"), in addition to the
plasma heat flux (¢'*™). Multi-peaks appear near the strike-point in the giarget profile as shown
in Figure 4 (e), which are attributed to peaks of 7., iV, T4 and TV profiles. The largest
peak Garget Of 4.2 MWm 2 is seen in the detached region, mostly attributed to ¢¢°. In the outer
divertor, a large Wiaq is also seen at the upstream (40—60 cm) near the separatrix, where local
car (= nad/n;) s increased up to 2%. On the other hand, the Wr.qa peak shifts toward the target at
the outer flux surfaces as shown in Figure 4 (b), and it becomes smaller than 10 MWm > (lowest
color bar) and located just above the target (a few cm). The plasma detachment is produced
within ~12 c¢m near the strike-point as shown in Figure 4 (d), which we describe as “partial
detachment”. The peak grarget 0f 5.5 MWm 2 is seen at the boundary of the attached region,
where both 7.4V and 719" are increased from 1-2 to ~15 eV, and #n.4" is decreased from ~1.5x
1022 m 3 to ~1.5 x10%! m3. Thus, the peak Guarget is sensitive to their profiles. At the same time,
since the Wraq peak shifts toward the target, ¢*™ and ¢! become dominant. In the partial
detachment, the peak grarget 1S sensitive to the plasma temperature and density profiles and
location of the Wraq peak.

The peak grarget is generally larger than that of the inner grarget. Divertor operation for the outer
peak Grarget in the low 7™ range and influences of the key parameters were summarized in Fig.
5. Closed circles show a series of Case-1, where the reference shown in Fig. 4 is marked by
open circle. Squares, triangles and diamonds show other three series of Case-2, Case-3 and
Case-4, respectively. The peak grarget 1S reduced with increasing n.°P, and increased with
increasing Psep-(1-/*d""). As a result, two references of Case-1 and Case-2 are acceptable in
the low 7e5P > 2x10'" m™ to reduce Garget <IOMWm2. On the other hand, for the Case-2, the
peak Grarget 1s increased from 5.6 (Case-1) to 9.5 MWm 2 at nc*P = 2x10'" m™ with reducing

width of the plasma detachment to 10 cm. Since the surface temperature of the tungsten target

is reduced in Case-1 (JA-DEMO higher-x), compared to Case-2 (JA DEMO 2014), it has
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advantages to provide enough operation margin to the recrystallization temperature (~1200°C).
For the lower f*.4%V~0.7 cases (Case-3 and Case-4), the detachment width is further decreased,
and the peak grarget 1S seen also at the attached region. The peak grarget 1s further increased to 12.2
and 14.5 MWm2due to the increase in g™, where both the local 7.4 and T;*" are increased.
Higher nc*® operation (larger than 2.3x10'? and 2.6x10'” m) is acceptable for Case-3 and Case-
4, respectively. For all cases, Ar concentrations in the midplane SOL (ca/™¢ = na/™¢/n.4) are
reduced to 0.4-1% in ns® = 2.0-2.5x10" m3,

Divertor plasma performance for EU DEMO divertor has been investigated, using SOLPS-
ITER. Reductions in 7. and guarget Were investigated with increasing the Ar seeding rate (0.2-

2x10%! Ar-s!) at relatively large gaff puff rates such as an order of 10 D-s’!. Radiation loss

distribution in the divertor, plasma profiles and accumulated heat load profiles in the inner and
outer targets for the representative result are shown in Fig. 6, where n.5° ~2.8x10'" m™ is higher
than that of the JA DEMO and Ar seeding rate of 1.5x10?! Ar-s’!. Ppis 146 MW, which is
slightly less than Pou of 150MW. Total line radiation is 75 MW, and distribution in the divertor

is shown in Fig. 6 (a). While f*,4%"Y = 0.51, it is noted that neutron dissipation processes by
charge exchange and recombination processes become 49 MW maybe by large fuel gas puff.
Thus, total volumetric energy losses from the plasma becomes 0.85. Large Wraq is seen along
both inner and outer divertor legs near the separatrix. In the inner divertor, 7.4 is 0.4 — 3.5 eV
as shown in Fig. 6 (b): full detachment is produced over wide region. The peak grarget (2.0 MWm-
2) appears at 74 =10 cm, where not only ¢ but also ¢ are dominant (0.9-1 MWm2) due to
large Wra extended above the inner target in this case. Here, ¢" is not presented, which will be
larger contribution (1-2 MWm2). On the other hand, in the outer divertor, partial detachment
is produced in 7"V < 8 cm, and T.%" is increased up to 24eV in the attached region as shown in
Fig. 6 (d). For the EU DEMO simulation, peak giarget (2.3 MWm™2) appears in the detached
region near the detach-attach boundary, and the local 7% is 1-2 €V. Thus, ¢ is dominant (1.3
MWm<2) and both ¢*™ and ¢! are relatively small (0.4-0.5 MWm). Provided that further
contribution of ¢" is added, total peak Garget is increased by 1-2 MWm? (~4 MWm2). While
the peak grarget is produced in the detached region, the value is sensitive to the 7.4, 714" and
ned profiles near the detach-attach boundary.

Systematic study of the plasma detachment was recently performed with higher nc° ~4x10"
m™ assuming larger ion flux by pellet fueling at core-edge boundary [18]. Peak T4 at the outer

target is reduced with increasing Ar seeding rate as shown in Fig. 7(b), and full detachment is

produced even in the outer divertor at Ar seeding rate of 6x10%° Ar-s™!. At the same time, the
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total radiation loss also becomes the maximum, and f*:.q"" and ion flux to the target were rather
decreased with further increasing Ar seeding due to increasing Prq in the edge plasma (as
described in “core” in Fig. 7(a)). Since large radiation loss is not maintained in the divertor
region, Ar seeding rate and f*.4"" are restricted below 6x10%° Ar-s™ and ~0.7. On the other

hand, the total energy loss would be enhanced by neutral dissipation.

3.3 Effects of divertor geometry and drifts

Vertical target design was applied for the ITER divertor from the viewpoints of producing
the plasma detachment near the separatrix at lower n.*P and the wider operation range without
building up the X-point MARFE [42]. Since year-long level steady-state operation is expected
for the DEMO divertor, reductions of peak 7.4 (and 7i%") as well as the peak giarget are required
to minimize erosion of the W-target under the partial detached divertor.

Effects of the target angle (&) on the detachment plasma and peak giareet Were investigated
in FNSF divertor by UEDGE code with neutral/gas fluid modelling [22]. The vertical target
geometry (&Y = 25°) was a baseline design similar to ITER, and the inner and outer Lgiv were
0.37 m and 0.60 m, respectively. Further open geometries (" = 40° and 70°) were compared
as shown in Fig.8 (a), where the flux expansion at the target was decreased. Lower divertor
performance was simulated with a half power of P, i.e. 88 MW. Thus, ITER-level power
exhaust (0.5Psep/Rp = 18 MWm™!) was required in the shorter leg divertor. Ne seeding was used,
and relatively high ne (1x10%° m~) was given at the core-edge boundary (¥™%a, = 0.97). Total
radiation fraction by Ne and hydrogen isotopes (D/T) correspond to f*aq®" = Pragd™V19%/(0.5Psep)
= 0.83. For the baseline case, as shown in Fig. 8 (b-d), the partial detachment is produced at the
outer target, and the peak Grareet (~5 MWm2) can be reduced in the attached region (#4" ~0.3 m),
which is attributed mainly to g™ (~4 MWm2), while relatively high 7.9 of ~60 eV is seen
at the outer location (74" = 0.5-0.7 m). Here, heat load components by electron and ion/atom
transports are separately shown, and the latter includes charge exchange and volume
recombination processes (¢¢"). In addition, gareet is increased to ~3 MWm? and 7.4V = 2-3 eV
between the detach-attach boundary and the peak garget ("' = 0.15-0.25 m) as shown in Fig. 8
(d), where g (~1.5 MWm) is the major heat load compared to the other components (g™
+ g" + ¢°) due to significant radiation peak neat the target. It was also noted [22] that kinetic
transport modelling of neutral and molecule (self-consistent coupling of UEDGE and DEGAS
div

result) is required for accurate evaluation, which extends the low 7.“" region and further

reduces the Grarget peak.
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For the open geometry case (€Y = 70°), detached region becomes wider, and peak grarget
appears at the detached region similar to the inner divertor (nearly full detachment). Thus, the
peak guarget is decreased to 3.5 MWm™2, where g™ (~2 MWm?) is the major heat load due to
reduction of the plasma transport component. Operation window of the wide detachment and
low peak grarget 1S important to choose the divertor geometry. At the same time, transport
modellings of desorption process, elastic collisions and kinetic effects become important to
evaluate the peak gurger and impurity distribution in the nearly full detached divertor. Further
studies will continue by self-consistent simulation of UEDGE and DEGAS?2.

Appropriate divertor Lqiv for the vertical target design is primarily determined to maintain
the seeding impurity and large radiation peak in the divertor. Divertor performance with Lagiv =
1.6-1.7 m has been investigated for the high Psep/Rp handling such as JA DEMO (30-35 MWm®
' by Ar seeding) [13, 14] and CFETR (28 MWm! by Ne seeding) [19], and these results
demonstrated to be appropriate for their reference design. Further study was recently performed
for CFETR by SOLPS-ITER with various drifts activated such as VBxB and ExB, which
produced inboard-enhanced asymmetry of the particle flux profile and outboard-enhanced heat
load profile [20]. Extension of L4iv was proposed, and effects on the plasma detachment and
impurity retention in the divertor were investigated. Geometries of the refence and longer leg
divertors are shown in Fig. 3 (b) and 9 (a): both inner and outer L4iy were extended from 1.3 m
and 1.7 m to 1.6 m and 2.4 m, respectively, inner & was increased from 34° to 46°, and outer
" was the same (20°) [43]. Pout from the core-edge boundary was the same (200 MW) as the
previous study, but radial distributions of y and D were introduced, where y was reduced to 0.5
m?s”! inside the separatrix (#™¢ = -5 - 0 cm) and increased to 2.0 m?s™! in far SOL region (#™¢
=3 -6 cm): D was similarly varied. Typical Aq/™¢ was ~4 mm and n.*® = 3.7x10'"” m?3 in the
series of calculations. Comparison between Ne and Ar seedings showed that divertor cooling
by the Ar seeding was efficient, thus the Ar seeding was chosen for the baseline scenario.

Under a comparable condition of the gas puff (4x10%2 D-s!) and Ar seeding (4x10'° Ar-s!)
with drifts activated, poloidal distributions of 7. and car near the separatrix from the outer
midplane SOL to the target are compared in Fig. 9 (b) (c), respectively. For the reference case,
the target plasma becomes attached (7. = 230 ¢V) due to lower radiation loss in the outer
divertor, while the detachment is produced for the longer leg case (7.4 = 3 eV). Next, similar
poloidal distributions of T are achieved with increasing Ar seeding (1x10%° Ar-s!) only for the
div

reference case as shown in Fig. 9 (d)(e), where f*.¢®" ~0.7 is comparable and similar partial

detachment is produced near the separatrix (Fig. 9 (f)(g)). For the longer leg case, peak Tc" at
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74 ~ 0.35 m in the attached region is reduced from 47 eV (reference case) to 34 ¢V while
reduction in the peak Grarget 1s small. As a result, the longer leg is new baseline design in order
to reduce both the peak giareet and Te%, car in SOL and edge regions and to extend the divertor
operation window at lower n.*P, provided that drifts affect the divertor performance.
Reduction in the peak grarget by N2, Ne or Ar seeding was investigated in the double-null
divertor for K-DEMO (by UEDGE) [21] with ITER-level leg length and larger power to either
divertor, i.e. 0.5Pou = 300 MW. Results showed that Ar seeding enhanced partial detachment
more than those of Ne and N> seeding cases, and the peak grarget Was efficiently reduced. It is
noted that appropriate power handling (guarget <10 MWm2) was restricted only by reducing the
pumping speed, i.e. increasing the albedo of the divertor pumping to 0.99945. Since the
operation window of the detachment is restricted, further improvements of the geometry and

the power exhaust scenario both in the main plasma and divertor will be required.

3.4 Estimation of W-erosion in the partial detachment

Net erosion of the W target becomes life-time issue for the DEMO divertor since the ion
fluence is expected to be one order of magnitude larger than ITER. Low 7.4 and 7"V plasma
is preferable in the partial detached divertor, in particular, for the vertical target geometry.
Estimations of W-flux and W-erosion rate are summarized in Table 4. W-erosion is enhanced
mainly by seeding impurity at the attached region, where the local 7.4 is increased to 20 - 40
eV while incident ion flux (/3%") is reduced at the outer 74, Gross W-sputter flux in the DEMO
divertor simulation is sensitive to local plasma condition of /7% and impurity concentration (c,)
as well as Tc%. Typical values of gross W-sputter flux (Yz-c,- /%", Yz is sputter yield) are
reported between 6.3x10!'7 and 8x10' W-m2s™!, where TRIM code surface database was used
for the EU DEMO result (the small one) [44]. Net erosion rate is estimated by a simple formula
of Adsec (nm/s) = 10%Rner (Yz-c- [797)/[6.02x10%6/183.8-p] = 1.57x10"2° Ry Yz-Co- 7%, where
Ruet is the ratio of net to gross erosion rate and p is W mass density (19.3x103kgm™). Ruetis also
a critical factor, and 0.1 is given for the FNSF estimation, which considers prompt redeposition
(finite-Larmor) effect [45]. The same Ryet is assumed for other cases. Prompt and local
deposition modelling such as the finite-Larmor effect and friction force by the plasma flow, and
experiment database for gross to net erosion ratio are demanded. Net erosion depth for year-
long operation is also estimated as Adyeqr (mm/year) = 4.95x10"°Ruer Yz ¢ [, which is a few

10 times larger than that of ITER (e.g. 2500 pulses of 400 s discharges per year). Some results

suggest that Ad..r reaches 1mm-level, which corresponds to 10-20% of the monoblock
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thickness. As a result, simulation results in the vertical target geometry suggested further
reduction of both peak 7.4V and 7", and “pronounced detachment” (~5eV) as shown in
ASDEX-upgrade [46] is preferable. Operation at higher n.*P or/and sweep of the strike-point

location [26, 47] will be considered.

3.5 Effects of diffusion coefficients on power exhaust

In the divertor simulation, radial diffusion coefficient of the SOL plasma is a primary key
parameter to determine profiles of the heat and particle fluxes. For the recent DEMO
simulations, Aq/™¢ of the total (electron and ion) g, profile was similar value of ~3 mm, except
that Aq/™¢~2 mm for the FNSF divertor, while different diffusion coefficients were used as
shown in Sec. 3.1 and Table 3. Effects of smaller Aq/™¢, which was produced by reducing
diffusion coefficients, on the partial detachment and divertor operation were investigated in JA
DEMO [13, 14]. Some representative simulations with reducing both y and D to half values,
i.e. ze= 4= 0.5m?s ! and D = 0.15 m?s’!, were performed for the four series as shown in Sec.
3.2. Profiles of electron, ion and total parallel heat fluxes near the X-point (g/*P , ¢/*P and
g1 +qi¥P) for Case-1 (Psep ~235MW, f*.¢V ~0.8 and the same nc* of 2.0x10' m™) are
compared in Fig. 10 (a)(c), mapping to the outer midplane radius (#™'¢). Here, radial gradients
of TeXP, TP and n. profiles were generally increased with reducing y and D, and increase in
TP (from 820 to 1190 eV for the same ncSP cases) was significant due to reduction in nc*P in
the SOL region. Both ¢/eXP and ¢/eXP+q/i*P profiles are described approximately by a two-
exponential function such as g/(r™9) = g/ "¥exp(—r™Y Ag/ ) + g/ exp(—r™Y/ 1q/™"), where
Aq/" and Aq/™ are e-folding lengths of “near-SOL” and “far-SOL”, and the former is mostly
attributed by the electron conductive transport. Aq/™* values of g/cXP and g/XP+¢q/i %P profiles
become smaller (from 2.3 to 1.6 mm and from 2.9 to 2.2 mm, respectively) mainly due to
reduction of the radial diffusion and enhancement of the parallel conductive transport.
Reference [14] (Fig. 6 (¢)) showed that Aq/"** values of four representative ge*P+q,i*P profiles
for the different Psep and f*a%"Y cases were 1.2—1.6 times larger than those for the g/e*? profiles,
and they were decreased from 2.5-3.3 mm (for the reference y and D) to 1.7-2.2 mm.

On the other hand, transition from the “near-SOL” to the “far-SOL” in the g/ *P + ¢/i*P
profile is attributed to ¢/*P profile, i.e. ion transport. Simulation results suggested that “flow
reversal” [48] is produced above the outer divertor target by locally increasing neutral
ionization and plasma pressure, and that it is extended to the low-field-side SOL as shown in

Fig. 10 (b)(d). Thus, the convective transport is also driven from the outer divertor to the
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upstream in the wide SOL region, which is not included in the q;i*P towards the outer divertor.
Flat “shoulder” appears in the g;*P profile with increasing the convective heat flux towards the
outer divertor, and the transition from the “near-SOL” to the “far-SOL” is emphasized in the
qi®? + qi*® profile. Tt is noted that the transition location in the g/X? + ¢*P profile moves
from #™¢ ~1.1 to 0.7 cm, which corresponds to the flux surface of the detach-attach boundary
(shifted from 7V = 12 to 7 cm, respectively). At the same time, the peak grarget Was produced in
the attached region, and the peak is increased from 5.8 to 9.5 MWm™ mostly due to large
increases in the local 7.4 and Ti%M. These simulation results suggested that the ¢/*P profile
modified by the “flow reversal” formation significantly affects the partial detachment profile
and the peak gtarget.

Results of the peak guarget at the outer target for the smaller y and D cases are added by open
symbols in Fig. 11. Similar to those in Sec. 3.2, the peak grarget is increased with increasing
Psep(1-*:24%") and they are reduced with increasing n¢*® for each case. Lower boundary of 75
for Grareet <IOMWm? is determined to be 2.0x10'" and 2.3x10' m™ for the reference f*:q
(~0.78) cases: Psp=235 and 283 MW, respectively. Therefore, the reference f*.™ cases are
acceptable in the low ne*P operation, where higher 7¢5 (> 2.3x10'” m™) is required for the latter
case. On the other hand, for the lower f*.® (~0.67) cases, the peak Garget and 1> are
significantly increased with decreasing the partial detachment width and increasing the local
T4 and Ti%V. Thus the divertor operation is difficult in the low n¢*P range. As a result, the
reduction in y and D significantly affected the divertor power exhaust due to increase of the ¢
profile as well as the dominant g/ . near the separatrix. In order to produce the detachment
plasma at the significantly large g/ region and to reduce the peak grarget <ITOMWm2, high f*5q™
of 0.8 level was necessary for the JA-DEMO designs.

4. Divertor target and heat removal design

4.1 Design concepts and key design parameters

Conceptual designs of the plasma facing components (PFCs) and coolant routing in the
divertor cassette have been developed based on the divertor simulation results. Since steady-
state power handling of 10 MWm-level peak heat load is a common requirement for the
conventional divertor design, the water-cooled target of the ITER technology, i.e. W-
monoblock (W-MB) and Cu-alloy (CuCrZr) cooling pipe [24], is a primary baseline concept.
On the other hand, engineering design adequate for higher neutron irradiation condition is

required for the DEMO design. Recent design concepts are summarized in Table 5, and designs
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of the divertor PFC units and cassette body (CB) for EU DEMO, JA DEMO, CFETR and K-
DEMO are shown in Fig. 12. All DEMO concepts have the same number (16) of the toroidal
field coils (TFCs), which is less than ITER (18), and the maintenance port is located between
TFCs. Three adjacent divertor cassettes are replaced through one maintenance port in EU and
JA DEMOs. The divertor geometry for EU DEMO is simplified compared to that of ITER, i.e.
baffles are removed, inner and outer target plates cover ~0.7 m near the strike-points and a flat
shielding liner is installed to protect the vaccume vessel against high neutron irradiation.
Weight of one EU divertor cassette is 8.3 ton, which is comparable to that of ITER divertor. JA
divertor covers most of the divertor plasma below the X-point similar to ITER, thus the total
weight of one cassette (~22 ton) is 2.7 times heavier. In order to reduce each cassette weight
for CFETR, number of the cassette is increased to 80.

Neutron irradiation doses on W-MB and CuCrZr heat sink are significantly increased in
DEMO due to increasing operation time as well as the neutron flux. The maximum doses for a
full-power-year (FPY) operation become larger than those for the full operation period of the
ITER divertor, which are expected to 0.54 and 2.5 displacements per atom rate (dpa),
respectively [53]. Therefore, the engineering design and technology of the divertor component
should consider degradation of material properties and reductions of irradiation damage until
the scheduled replacement. Since the divertor geometry for EU DEMO is shallow and open,
the maximum doses on the W-MB and CuCrZr pipe at the target are 1.9 and 7.2 dpa-FPY!,
respectively, and the former is comparable to those at the baffle for other DEMO divertors. It
is noted that doses on the W-MB and CuCrZr pipe near the outer strike point for EU DEMO
are expected to ~1 and 2-3 dpa-FPY"!, respectively [50], both of which are larger than ~0.4 and
~1.2 dpa-FPY"! for JA DEMO [27], due to influence of the divertor geometry and larger Pgusion.
Replacement of the W-MB and heat sink is prefered at the same time as the BB replacement
(~3 years). Reduction in the thermal conductivity of the W-MB due to the nuclear transmutation
to Re and Os reaching 1-2 wt% at several dpa [53] will be acceptable at the high surface
temperature of 500-1200 °C. Further factors to reduce the conductivity and mechanical
properties of the armor material, i.e. bulk-W and W-alloy, by neutron irradiation and plasma
surface interaction were reviewed [54, 55]. In addition, recrystallization will progress even at
lower temperature (~900 °C) for a year-long operation [56, 57], where the peak Giarget 1S required

to be maintained less than 10 MWm in the later period.

Selection of Cu-alloy (CuCrZr and Cu-base composites) as the heat sink for the high heat

load target is owing to the excellent thermal conductivity. Design constrains of the power
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handling under the neutron irradiation condition are summarized in Table 6. It is firstly
determined by the mechanical property at high temperarture (> 280°C) due to radiation induced
softening and creep [52, 59]. Corrosion on the inner wall of the pipe above 200°C is another
common design issue. At the same time, radiation induced hardening at the lower temparature
also starts from the low irradiation dose (~0.2 dpa). Therefore, the coolant temperature (7coot)
for the high heat flux component is increased to higher than that of ITER (~70°C). The selection
of Teoot has large variation between 70 °C and 200 °C (EU DEMO: 130 °C, JA DEMO: 200 °C,
CFETR: 140-180 °C, K-DEMO: 70 °C), which will be a critical lifetime issue. For JA DEMO,
K-DEMO and recent CFETR divertors, the CuCrZr pipe is used only for the target, and reduced
activation ferritic martensitic (RAFM) steel pipe is applied to the heat sink for the higher dose
(up to 5-6 dpa-FPY"!) but lower heat load (lower than a few MWm™2) region. JA DEMO
anticipates degradation of the mechanical property at the high temperarture, and replacement
of the inner and outer targets is expected after 1-2 year long operations, i.e. more frequently
compared to the BB replacement.

For EU DEMO (repeating two hour pulse operation), lower Zcoot (130 °C) is determined
mainly by requirement to ensure a safety factor of 1.4 (i.e. 40% margin) to the large critical
heat flux (CHF: 45 MWm) of the coolant under high heat load of 20 MWm, which is also
defined as a standard technology target for the high heat load of 10 s pulse. It is tentatively
assumed that the key mechanical behavior of the CuCrZr heat sink irradiated for two FPYs
would not significantly change at least up to 10 dpa, considering the pronounced mechanical
saturation behavior of CuCrZr specimens irradiated and tested at low temperature (150 °C) after
a low irradiation dose (< 0.6 dpa) [60]. In addition, Tceol (130 °C) is lower from the viepoint
from the thermal recovery temperature (150-200 °C) of irradiated CuCrZr. Comprehensive
database of these properties, design criteria and their improvement are required to determine

the life time of the power handling unit.

4.2. Design issues of high heat removal components and coolant condition

Arrangements of plasma facing components and coolant routing for the different DEMO
divertor concepts are shortly reviewed, and common design issues are clarified. Arrangement
for the JA DEMO divertor and the coolant routes are shown in Fig. 13 (a) and (b), respectively.
The total thermal power to the divertor was assumed to be 325 MW, which included about 40%
margin above the simulation result (Psep~235MW). In addition, the total volumetric nuclear

heating by neutron and y-ray fluxes (114MW) was considered. Total thermal power to the inner
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and outer target components was dominant compared to the nuclear heat, and those to the dome,
baffles and reflectors were still larger by the factor of 1.5-3. Heat sink, i.e. CuCrZr or RAFM
steel (F82H) pipes, was determined based on neutronics calculation [27]. The W-MB and
CuCrZr pipe units were incorporated in the inner and outer targets, which broadly covered the
high heat load region of 0.8 m near the both strike-points, and the maximum doses were ~1 and
~1.5 dpa-FPY"!, respectively. Arrangement of the coolant route for the two targets was revised
from series to parallel [17] in order to supply the coolant with comparable velocity of 11-12
ms™! (at the inlet of swirled pipe), which reduced the pressure drop (< 1 MPa) at the inner target
incorporating smaller number of the W-MB units, i.e. 32 and 43 for the inner and outer units.
The parallel distribution concept is also a baseline of the EU DEMO divertor.

For the JA DEMO, relatively high Ttoo1 (200 °C) coolant is provided in order to minimize the
irradiation embrittlement. Maximum temperatures of W-MB and CuCrZr pipe on the fish-scale
surface target were evaluated for the steady-state peak giarget Of ~10 MWm2 and the nuclear
heating. The former and latter corresponded to, respectively, ~1190 °C, which was just below
the critical temperature of W-recrystallization (~1200 °C), and ~350 °C, where influence of
thermal softening on the CuCrZr pipe was somehow fostered above 280-300 °C [62]. Elasto-
plastic analysis of the coolant pipe was performed under the higher peak gtarget of 10 and 15
MWm2-level, where the latter maximum temperature was increased to ~380 °C. The maximum
heat fluxes of 18 and 22 MWm 2 were widely distributed on the water side of the pipe,
respectively. Since they were 64% and 79% of CHF (28 MW m?), the high Tcoo1 (200 °C)
coolant was acceptable for the heat removal. Expansions in the pipe axis (z) and circumferential
(6) directions were seen in the coolant pipe under the MB tile, and compression was caused
between MB tiles. While stress (gz)—strain (¢z) trace at the maximum stress location showed
similar trajectory (4oz ~300MPa and Aez ~0.25%) with repeating the higher heat load cycles.
Mechanical toughness of the pipe against thermal softening may not be critical for life time
issue at least for unirradiated condition, but it is anticipated with increasing the irradiation dose.
The W-MB and F82H pipe unit is arranged at higher neutron irradiation region such as dome,
and baffles. Higher Tco01 and pressurized water (290°C, 15 MPa) similar to the BB design [63]
is used for the electricity generation by turbine system similar to a pressurized water fission
reactor (PWR). Since maximum heat load to the surface was 1-1.5 MWm in the steady-state
operation, the coolant route to the dome and reflectors was arranged by a series connection due
to reducing the route branches and joints. On the other hand, it is revised to the parallel one in

order to exhaust the nuclear heat on the support structures as well as the plasma facing units.
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The water-cooled target concept is selected for the EU DEMO as a baseline concept [49, 50,
61], which can take advantages of the thermal conductivity and the thermohydraulic properties
compared to helium gas. The divertor configuration and coolant routing have been revised to
the one shown in Fig.14 (a) (b) [50]. Total heat load to the plasma facing units (targets, shielding
liner and reflection plates) was given to be 200 MW, which is 33% above the simulation value
of Psep ~150MW, and volumetric nuclear heating in the plasma facing units and CB was 139
MW. Length of the vertical target (VT) of ~0.7 m was comparable to the JA divertor target
(~0.8 m). The coolant route was divided to the inner and outer targets (incorporating 32 and 44
W-MB units, respectively), and the flow velocity was comparable for the both targets (14-16
ms™! in swirled cooling pipe). Inlet Tcool Was recently reduced from 150 to 130 °C in order to
increase CHF to larger than 45 MWm™2. Maximum temperatures of the CuCrZr pipe were
evaluated to be ~310 and ~440 °C at the upper location near the strike point for the peak grarget
of 10 and 20 MWm2-level, respectively, corresponding to the steady-state and slow transient
cases. The former is mostly in the optimal temperature range of 250-300 °C, and the latter is
expected to reduction in the yield strength, in particular, under neutron irradiation. Uncertainty
and limitations implicit in lifetime projection for the CuCrZr pipe and Cu interlayer have been
recently examined by means of finite element method (FEM) simulation, and elasto-plastic
analysis for some foreseen problems under repeating the high heat load [64] such as (i)
influences of initial residual stress on the cooling pipe and interlayer, (ii) shakedown response
of the elasto-plastic structure in the early cycles, (iii) loss of its initial yield strength by ageing
(softening by thermal ageing) under the long-term cycles (in particular, exceeding the allowable
service temperature limit of ~350 °C). Reduction in the coolant 7ol is a trade-off issue under
the neutron irradiation condition, but it would be still acceptable (suggested from ITER SDC-
IC data) that the total elongation remains larger than 5% in embrittled CuCrZr pipe (for 0.3-5
dpa) at the low temperature, and it could be rather beneficial since the fracture toughness of the
pipe (for 0.3-1 dpa) with a sub-mm level crack located at the inner wall is decreased with
increasing the temperature (finally no margin at ~350 °C for a large crack case). Furthermore,
elasto-plastic analysis was applied to the W-MB unit by using available neutron irradiated
material data [63, 64]. Results suggested most likely failure behavior that cyclic strain on the
CuCrZr pipe surface was accumulated, in particular, in the gap between W-MBs, leading to
early fatigue cracks and potential coolant leaks.

Copper could be hardened and embrittled when transmutation gas bubbles (e.g. helium) are
segregated at grain boundaries at higher dose (~6 dpa). Embrittlement of the Cu interlayer leads

to substantially higher stresses (tensile stress on the armor), which may cause a crack formation
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of the W-MB at or near the bond interface, leading to a local reduction of heat conduction.
Distinct consequences of limited knowledge on the actual state of materials and effective
loading history were discussed in the light of expected failure modes. Degradation of the
mechanical property of heat sink and joint/interlayer caused by radiation induced 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 Sec. 4.3.

CB designs have been developed for EU and JA DEMO divertors to incorporate their power
exhaust units and coolant pipes, which will be consistent with reducing the fast neutron flux to
protect the vacuum vessel (< 2.75 dpa) and replacement of the power exhaust units [17].
Number of the main coolant pipes is minimized to 4, and inlet and outlet are located at the
outboard cassette. The cassette structures and coolant conditions are different, while CB can be
made by welding similar RAFM steel (Eurofer97 and F82H). EU CB is composed of a box
structure with internal ribs, and it is cooled by higher inlet 7coo1 (180 °C) coolant as shown in
Fig. 14 (b)(c), which ensures the entire structure sufficient fracture toughness at the neutron
damage (< 6 dpa) [50]. The coolant is also used for the liner and reflectors by a series connection.
Although the inlet T¢ool is low from viewpoint of irradiation embrittlement of the RAFM steel,
it was mainly determined by temperature margin (up to 550 °C) of key components such as
supports of the reflector plates due to inefficient exhausting local nuclear heat. The issue of
tight coolant margin in the liner plate and CB also needs caution. Since the exhaust slot is
designed to be at the bottom 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.

JA CB consists of thick (25 cm) plate structures with two lines of cylindrical coolant puddles
in order to reduce the fast neutron and y-ray flux as shown in Fig. 13 (a). The exhaust slot is
located at the outboard bottom in order to reduce the neutron flux to the vacuum vessel. The
PWR condition coolant (290 °C, 15 MPa) is provided from the inboard and outboard manifolds
through the side routes of the CB to the puddles as shown in Fig. 13 (b), and it finally exits to
a manifold near the exhaust slot. The coolant velocity of 1.5 ms™! is enough to remove the total
nuclear heat of 0.7 MW in one cassette body, corresponding to totally 32 MW for 48 cassettes.

Divertor configuration and water routing for CFETR have been recently developed [43, 51].
The divertor consists of three plasma facing modules (inner target, dome and outer target) and
CB. The coolant routing has been developed from a simple parallel one [43] to a hybrid one
[51] as shown in Fig. 15 (a) and (b), respectively. The former design proposed that reflector
plate and baffle were connected to the target module. Low Tcool (140 °C, 5 MPa) coolant is
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provided firstly to the left-half container structure in CB, which is made of SS316L at the first
operation stage. Then, it is supplied parallel to inlets of the three modules in order to provide
similar flow velocity of 10 ms™ to the inner and outer targets since in-out asymmetry of the W-
MB unit numbers (18 and 28, respectively) is larger than those for EU and JA DEMO divertors.
The coolant for each module circulates poloidally from the W-MB unit to the module transition
support, then returns to the right-half container structure in the CB. Here, the CuCrZr pipe is
used for all target and dome modules. A hybrid routing is proposed to improve the heat removal
of the outer target more efficient and to apply the W-MB units with RAFM-steel pipes at baffles
and dome as explained in the JA DEMO design. The flow scheme is shown in Fig. 15 (c). In
the hybrid circuit, inner divertor (IVT) and dome connect in parallel, and outer divertor (OVT)
connect them in series. Here, the dome circuit is separated toroidally to two half structures
(Dome part I and II), and the coolant circulates through inner reflector, dome and outer reflector
of the Dome part I, then it is returned in the Dome part II. Mass flow rates for IVT and Dome
are 12.2 and 7.1 kgs™!, respectively. Pressure drop for the two routes is similar (0.79 MPa), and
the total drop is 1.95 MPa. The inlet 7ol is increased to 180 °C for the RAFM-steel pipe
application. Evaluation of the total heat exhaust is in progress, while thermal stress analysis on
the two W-MB units with CuCrZr and RAFM-steel pipes showed acceptable under the steady-
state heat loads of 10 and 5 MWm2, respectively.

K-DEMO divertor also consists of three plasma facing modules (inner target, dome and outer
target) and CB as shown in Fig 12 (d) [21]. Hight of the dome structure is low, extending to the
inner and outer reflectors. While the coolant routing was not proposed, thermal stress analysis
on the W-MB units with CuCrZr and RAFM-steel pipes was performed under the steady-state
peak heat load of 10 MWm [65]. The former W-MB size was comparable to that of ITER and
the latter was smaller, and the coolant conditions corresponded to 70 °C/4 MPa and 290 °C/15
MPa, respectively. The former showed similar result of ITER divertor target, i.e. maximum
temperatures of the W-MB and CuCrZr pipe were ~1242 °C and ~271 °C. On the other hand,
for the latter case, the maximum temperature reached a softening limit of the RAFM-steel (~550
°C) at the pipe top surface even though the pipe thickness was too thin (0.25 mm) for the higher

pressurized coolant boundary. Design of the W-MB units and coolant routing is in progress.
4.3. Development of target technologies for DEMO

Mechanical property of the heat sink and thermal contact to joint/interlayer/W-MB are an

important key issue for Cu-alloy application under neutron irradiation. Several technologies for
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the high heat flux target have been developed in EU to survive under DEMO-relevant neutron

irradiation condition. All are based on W-MB as a baseline plasma facing material, and Cu-

alloy pipe with swirl tape to increase the heat transfer at the pipe wall [66, 67]. 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 irradiation embrittlement below 250°C [68].

Thus, it is reinforced by various kinds of Cu-W composite materials and novel interlayer

materials as shown in Fig.16 [50].

(a) ITER-like W-MB with a CuCrZr pipe is a baseline concept also in the DEMO divertor, but
the MB size is modified to decrease the crosssection width to 23 mm, instead of 28 mm in
ITER in order to reduce thermal stresses and prevent vertical cracking. The axis thickness
of 12 mm and thickness of 8 mm to the cooling pipe are the baseline design.

(b) Thermal break interlayer concept (developed in CCFC) is based on ITER W-MB 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 (20 um) and think (500 pm)
W-Cu interlayer is used to improve joining strength.

(e) Flat-tile concept with a composite heat sink block (developed 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.

(f) In addition, He cooling target using multi-jet pipe by W and W-laminate (developed in
KIT) is also developed as an option [66].

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 MWm2 up to
2000 cycles (130 °C coolant, which is expected operation 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-MB surface and swelling of the blocks due to inelastic

- 23 -



deformation was found. The metallographic examination revealed that the upper half of the
MBs were completely 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 MWm™ up to
500 pulses (20°C and 100°C coolant conditions) for overload tests. Also under the increased
heat load, 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 MB surface which
underwent a pronounced inelastic deformation leading to overall severe roughening. The mock-
ups even withstood the overload up to 32 MWm2 (5 pulses), which was the physical limit
nearly reaching the melting temperature of the W-MB surface without any detrimental impact
nor melting. The future R&D will be focused on an upscaling trial towards a medium-scale

manufacturing (40 cm length).

5. Summary and future issues

Power exhaust concept and appropriate divertor design are common critical issues for DEMO
design activities, which have been carried out in Europe, Japan, China, Korea and USA. At the
same time, the divertor design is strongly affected by DEMO missions (net electricity
generation, sufficient tritium breading and feasibility for remote maintenance) and design
requirements from each DEMO concept. In this paper, conventional divertor concepts and
power exhaust studies for recent DEMO designs (Pfusion= 1-2 GW, Ry = 7-9 m) were reviewed
from the viewpoints of the plasma physics study and the divertor engineering design. Radiative
cooling is a common approach for the power exhaust scenario, and water cooling divertor
design with ITER-like target (W-PFC and Cu-alloy heat sink) is a common baseline. Some
different design approaches have provided important case-studies of the DEMO divertor, and
those will significantly contribute to future DEMO designs.

(1) Requirements of f;.a™" and plasma performance determine the divertor design concept:
Different power exhaust scenarios have been developed for DEMO concepts, while a
common critical issue is the large power exhaust of Pheat = 280-600 MW in the main plasma
and divertor by the radiative cooling (Prad™"/Pheat > 0.8). The steady-state plasma concepts such
as JA DEMO and CFETR proposed a conventional closed divertor geometry to challenge large
Psep/Rp handling (25-30 MWm'!) in order to maintain the ITER-level radiation fraction of the
main plasma (frad™ " = Prag™"/Pheat = 0.3-0.4) and higher plasma performance (HHogy> =1.2-
1.4). K-DEMO and FNSF will challenge larger Psep/Rp handling (37-53 MWm!) with the
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double null divertor configuration. The pulsed plasma concept (EU) challenges both increasing
frad™ to ~0.65 and handling the ITER-level Psp/R, in the open divertor geometry, where
increasing the trittum breading blanket volume is anticipated. These plasma concepts
compromised requirements of increasing fa™" and high plasma performance (HHog.2), S
fBs), which determined power handling in the divertor. In addition, adequate performance of
the power exhaust will be required in the relatively low density plasmas. Design improvement
is demanded from the viewpoints of reduction in the fuel dilution, and the power exhaust in the

main plasma and divertor.

(2) Power exhaust simulations for DEMO divertor design (Psep =150-300 MW) are in progress:

ITER-based divertor geometry (inclined target, baffle and dome structures) with longer leg
length (1.6-1.7 m) is a common baseline design, and power exhaust simulations for DEMO
divertor design with larger Psep =150-300 MW have been performed using integrated divertor
codes; SOLPS on EU DEMO and CFETR divertors, SONIC on JA DEMO divertor, UEDGE
for K-DEMO and FNSF divertors. Divertor operation and influences of the key power exhaust
parameters have been recently investigated with mainly Ar seeding, and all simulations showed
reduction in the peak Gareet < 10MWm? for the divertor radiation fraction (Prad®"V/Psep) of 0.7-
0.8. Some results were consistent with the design requirement for the n5P range (JA: 2-3x10"°,
EU: ~3x10'" m) lower than that of ITER. Comparisons showed benefit of the closed geometry
to reduce the peak guarget and Tl near the separatrix. All results also suggested that partial
detachment was expected in the outer divertor for the vertical target geometry, and that the peak
Qrarget location and value (and each heat load component) significantly changed in the attached
or detached region. In addition, uncertainty of high 7.4 and 7i%" in attached region (far-SOL)
was a critical issue for plasma/impurity transport and tungsten (W) erosion. Further
improvements of the divertor geometry and operation options such as different seeding impurity
will be explored in order to extend the detachment width and to reduce local 7.4 and T4V at
the attached plasma region.

Diffusion coefficients of heat and particle fluxes (y and D) are a critical for DEMO divertor
design and operation. Different values and/or profiles were so far applied to produce Aq, =2-3
mm near the separatrix in SOL, which was slightly smaller than that of ITER due to high 7.
and 7; under the DEMO SOL condition. While the large heat flux (g/) near the separatrix could
be reduced along the long leg in the divertor, reduction in y and D significantly affected the

divertor power exhaust over the whole SOL region due to increase of the g; profile as well as
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the dominant g/ near the separatrix. 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.

SOLPS-ITER simulation results with various drifts activated showed that inboard-enhanced
asymmetry of the particle flux profile and outboard-enhanced heat load profile were produced
even in the long-leg divertors of EU DEMO and CFETR. The latter recently proposed to further
extend the divertor leg in order to insure the detached divertor operation window at lower 7¢>P.
Other physics factors to modify the DEMO divertor design such as dissipations in the high
density divertor (charge exchange, photon absorption and collisional-radiative models) and

kinetic effects in low collisionality SOL (flux limiter, thermal force) were also pointed out.

(3) A common baseline design for DEMO divertor, and specific design and R&D issues:

Integrated designs of the water cooled divertor target, cassette and cooling pipe routing have
been also developed, based on the ITER W monoblock (MB) concept with Cu-alloy pipe.
Engineering design adequate under higher neutron irradiation condition is required. Selection
and arrangement of the divertor plasma facing unit, coolant condition and routing for recent
design concepts of EU DEMO, JA DEMO, CFETR and K-DEMO were summarized. Under a
year-long and DEMO-level neutron irradiation condition, mechanical property of the CuCrZr
heat sink and the Cu interlayer was anticipated to be induced embrittlement, thus the coolant
temperature (7co01) for the high heat flux component was increased to higher than that of ITER
(~70 °C). The inlet-Tcoo1 Was so far selected to be large variation between 70 “C and 200 C
(K-DEMO: 70 °C, EU DEMO: 130 °C, CFETR: 140-180 °C, JA DEMO: 200 C). At the
same time, influence of thermal softening on the CuCrZr pipe was fostered near the strike-point
when the high heat load of 10 MWm-2-level was exposed. DEMO specific risks such as neutron
induced embrittlement/softening of the interlayers and cooling pipe have been recognized and
further restrictions of @rreer, T and surface temperature were anticipated. Improved
technologies of high heat flux components based on the ITER W-MB unit have been developed
in EU in order to reduce thermal stress and to strengthen the heat sink and interlayer under
higher irradiation dose condition.

Recent integrated design of the divertor target, CB and coolant pipe routing were also shortly
reviewed. Two coolant conditions (lower- and higher- 7¢o01) for the Cu-alloy and RAFM steel
heat sink MB units, respectively, where the latter coolant also used for CB and supporting

structures. Appropriate conditions for the latter coolant, i.e. 180-200 °C/ 5 MPa (EU-DEMO)
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and 290 °C/15 MPa (JA DEMO, CFETR and K-DEMO), will be determined in the future
optimization of the divertor and DEMO design concept. In addition, a common issue of series

or parallel coolant pipe routing for the DEMO divertor design was compared.
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Tables

Table 1 Key design parameters of recent DEMO concepts, obtained by system codes.

Parameters EU DEMO [1,2] |JA DEMO 2014| CFETR (1** | K-DEMO (1%| FNSF [8] ITER (inductive,
[3,4] stage)[5] phase) [6,7] Q=10)[9,10]
R, (m)/ ap (m) 9.0/2.9 8.5/2.4 7.2/22 6.8/2.1 48/1.2 6.2/2.0
A 3.1 35 33 32 3.5 3.1
I, (MA) 18.0 12.3 13.8 12.3 7.9 14
Bt (T)/ Br™* (T) 59/12.5 5.94/12.1 6.5/ 14 7.4/ 16 7.5/ 15.9 5.3/12
Kos 1.6 1.65 2.0 1.8 2.1 1.7
qos 3.5 4.1 5.5 7.3 6.0 3
Operation Pulsed 2-hours steady-state steady-state | steady-state | steady-state ~400s

Divertor configuration |Single null (option{ Single null Single null | Double null | Double null Single null

Double null)
Prusion (MW) 2000 1462 974 2200 520 500
Paux (MW) 50 84 82 160 129 73 (installed)
Pheat: PotPaux (MW) 457 376 277 600 233 ~150
Phea/Ry MWm') 53 44 39 88 49 24
ave. neutron load to ~1 ~1 ~0.7 ~2 ~1.2 0.5

first wall (MWm2)

Table 2 Power exhaust parameters of DEMO concepts with the single null divertor

Parameters EU DEMOIL [1] JA DEMO higher-x [27] CFETR steady-state [19]
line-ave. ¢ (10"°m) 8.7 8.6 6.3
nW (10" m) 7.2 7.3 9.1
line-ave. ne/nSY 1.2 1.2 0.67
Seeding (Mimp/ne, %) Xe (0.039)+Ar Ar (0.6) Ar/Ne
Pheat (MW) 457 435 305
Prpg™in (MW) 306 177 86
Prad™"/Pheat 0.67 0.41 0.28
Pyep (MW) 154 258 219
Pyep/Ry(MWm'™) 17 30 28
Pryin DT(MW) 133 115 68
Jin = Psep/PLu 1.2 22 32
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Table 3 Power exhaust and diffusion coefficients of DEMO divertor simulation

Parameters EUDEMO[16] | JADEMO[13.27] | CFETR[19] FNSF[22]
Divertor code SOLPS-ITER SONIC SOLPS5.0 UEDGE

Piep (MW) ~146 ~235 ~193 ~88 (lower divertor)
75 (keV) 0.2 0.37 0.46 ~0.2

77 (keV) 0.5 0.83 2.1 ~0.5

neP (10°m?) 2.8 2.0 1.7 ~6

Zdee/SOL (2 1y 0.2/0.18 1.0 1.0 0.5

D edse/SOL (2 g1 0.2/ 0.42 0.3 0.3 0.33

A/ (mm) ~3 2.9 ~3 ~2

Table 4 Estimation of W erosion depth at the peak T:%" by seeding impurities

EUDEMO[16] | JADEMO{[13.27] | CFETR[19] FNSF[22]
T4 at ¥V (attached region) 20 eV at 40cm 25 eV at 20cm 20 eV at45cm | 40 eV at45cm
L (s ~102! 4x102 5x102! ~102
c2= nzln; (%) 1 (Ar) 0.4 (Ar) 0.6 (Ne) 0.4 (Ne)
Yz*cz* I (m2s) 6.3x10'7 (*1) 1.9x10" 8x10"° 7x10'8
Net erosion ratio: Rue 0.1 0.1 0.03 0.1 (*2)
Adgec (nm s) ~0.001 0.03 0.04 0.011
Adyear (mm year™) ~0.03 ~0.9 ~12 ~0.3

Note *1: calculation is performed using the TRIM database [44].

Note *2: prompt re-deposition reduction factor is chosen from [45].
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Table 5 Key components and parameters of armor, heat sink and cassette for water-cooling
divertor concepts of EU DEMO, JA DEMO, CFETR and K-DEMO.

EU[ ZBI’ESIB/I]OI JA DEMO [17] CFE’{‘IE(IS“1 itage) K[-leEsl\g[]O

Number of cassette 48 48 80 32 (upper/lower)

Number of divertor maintenance ports 16 16 16 16

Total cassette weight incl. PFC units (ton) 8.3 ~22 ~8 TBD
Plasma facing component W w w W

+ | Heat sink pipe CuCrZr CuCrZr CuCrZr CuCrZSgI;AFM-

g Water temperature (‘C)/ P(MPa) 130/5 200/ 5 140-180/ 5 70/4 or 290/15
Dose on PFC (dpa-FPY"") <19 <05 <0.5 <04
Dose on cooling pipe (dpa-FPY") <72 <15 <15 <l9or<1.2

& | Plasma facing component - w w W

% Heat sink pipe - F82H CuCrZr/RAFM-steel RAFM-steel

gﬂ Water temperature ("C)/ Pressure (MPa) - 290/ 15 140-180/ 5 150/'5

% Dose on PFC (dpa-FPY™") <2 <2 <2.6
Dose on cooling pipe (dpa-FPY™) - <6 <6 <10.9

R Plasma facing component W (*1) w w W

E Heat sink pipe EUROFER97 F82H CuCrZr/RAFM-steel RAFM-steel

g Water temperature ("C)/ Pressure (MPa) 180/ 3.5 290/ 15 140-180/ 5 150/'5

K] | Dose on PFC (dpa-FPY™") <1.8 <1.6 <2 <19
Dose on cooling pipe (dpa-FPY™) <5 <5 <6 <78

@ | Structural material EUROFER97 F82H SS316L/RAFM-steel RAFM-steel

2 Water temperature ("C)/ Pressure (MPa) 180/ 3.5 290/ 15 140-180/ 5 290/ 15

S Dose on structural material (dpa-FPY"") <6 <3 TBD TBD

Note *1) Baffle is not installed. Liner is installed for protection against the plasma and neutron

irradiation.

Table 6 Design constrains of Cu and Cu-alloy under neutron irradiation condition [17]

Softening Embrittlement Thermal cond.reduction
Heat sink/ Yielﬁ Threshold Radiation-induced (dpa) EmbrittlemgnlfI by Reduction 520‘%21) by
Coolant pipe strength at C) hardeni ften transmuted He transmuted product
RT (MPa) ardening sortening (dpa) (dpa)
Cu ~60 MPa - ~0.1 --- 6 (at 350°C) 10
40 appm limit
Z >400 MP 280 ~0.2 ~1 10
CuCrzr 2 with 7appm/dpa
ODS-Cu(GlidCop[58]) >400 MPa 300 ~0.2 1~2 10
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Figure captions

Figure 1

Constant lines of PsepB1/qosRpA ~9 MWTm™!, ¢z4e <1 and fin = 1 in the fin - R plane (a) and
fiu — Bt plane (b) for EU DEMOI1 study, assuming Prusion = 2 GW. The reference design point
is represented with a red point (R, = 9.0m, Br= 6T, fiu = 1.2). Green shaded areas “A” identify
the feasible EU-DEMO configurations, the red shaded areas “B” identify the configuration
which would be feasible if advanced superconducting magnetic technology (a higher magnetic
field in a smaller space than current one) is provided. [29] (¢) Pfusion, Prad™", Psep as a function
of Ar impurity concentration (car = nar /ne) for JA DEMO with increasing xos = 1.75. HHog(y2)
required for v = 3.4 is increased with increasing car. Design point of JA DEMO higher-x is
shown in large circles (car = 0.6%). Power handling parameter for the divertor (Psep/Rp) is also

shown.[25]

Figure 2

Fraction of Pr.q™" in the total heating power (Pheat) and the divertor power handling (Psep/Rp)
for ITER, EU DEMOs (DEMOI1, Flexi-DEMO), JA DEMOs (DEMO 2014, DEMO higher-x)
and CFETR ( hybrid and steady-state concepts). Results of impurity seeding experiments in
AUG([31] and JT-60U[32] are also shown by squares and circles: orange and green colors

correspond to attached and detached divertor cases.

Figure 3

(a) SONIC simulation mesh and the divertor geometry of JA DEMO [13]. (b) SOLPS5.0
simulation mesh and the divertor geometry of CFETR [28]. (¢) SOLPS-ITER simulation mesh
and the divertor geometry of EU DEMO [16].

Figure 4

(a)(b) Distributions of Ar radiation power density (W:d) in the inner and outer divertors,
respectively: 7% = 2.0 X 10°m ™, Poy = 250 MW, Prad®° + Prag®® + Prag®™ = 200 MW and Psep
=235 MW. Profiles of (¢) (d) nc%, T4 and T4V, (e)(f) integrating heat load components at the

inner and outer divertor target, respectively [13].
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Figure 5

Four series of peak giarget at the outer target for given exhaust power (Pscp) and radiation fraction
in the SOL and divertor (*:ad" = (Prad*®+Prad®"")/Psep) as a function of n [13]. Circles and
squares show Case-1; JA DEMO higher-« reference (Psep ~235MW, ¥, ~0.8) and Case-2;
JA DEMO 2014 reference (Psep ~283MW, the same f*d*"). Triangles and diamonds show Case-

3 and Case-4, respectively, i.e. lower f*:.q%" (~0.7) cases corresponding to Case-1 and Case-2.

Figure 6

(a) Distribution of line radiation power density in the divertor for EU DEMO simulation.
Profiles of (b) (d) 74" and T.%", (c)(e) integrating heat load components at the inner and outer
divertor target, respectively [16]. Radial coordinate for the heat load profiles (c)(e) is shifted to
correspond to the plasma profiles (b) (d). Vertical dotted lines corresponding the heat load peak

locations.

Figure 7

Vertical bars show radiation power fractions in the different plasma regions in inner
SOL+divertor, outer SOL+divertor, private flux, and core (between core-edge boundary and
separatrix) regions, as a function of Ar seeding rate. Dotted lines show total radiation fractions

of (P radEdge+P radSOl+P raddiv)/ Pout and (P radSOI+P raddiv)/ Poyt. [18]

Figure 8

UEDGE calculation mesh for a baseline divertor design (vertical target geometry; ¢V = 25°),
and other open target geometries (6" = 40° and 70°). Baseline design result: (b) The total heat
load along the outer divertor plate, (c) Heat load components of radiation, electron heat flux,
ion and neutral heat flux including charge exchange and recombination processes, and surface
recombination, (d) profiles of electron density and temperature. Open target case (&Y = 70°):
(e) Total heat load along the outer divertor plate, and heat load components of electron and ion

heat fluxes, and surface recombination.

Figure 9
(a)Maximum 7. at the attached region of the outer target, and corresponding 7. near the
separatrix at the midplane. (b) Ar concentration near the separatrix at the midplane SOL as a

function of nP. Circles, squares and triangles correspond to Case-1, Case-2 and Case-3,
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respectively.

Figure 10

Electron, ion and total parallel heat flux profiles (g/c*?, ¢/i*P, q/*P + qi*P) in the outer SOL
near the X-point; (a) standard y and D case (1.0 and 0.3 m?s™!) and (c¢) smaller case (0.5 and
0.15 m?s™!). Mach number profiles of the parallel plasma flow in SOL; (b) and (d), respectively.
Distance from the separatrix near the X-point is mapped to the midplane SOL radius.[14]

Figure 11

Representative peak guareet at the outer target for four series of Psep (~235/283 MW) and f*;,a%
(~0.67/0.78) as a function of n*P [13]. Open symbols show corresponding four results with
reducing ye= i = 0.5 m?s! and D = 0.15 m’s™!. Four guidelines correspond to results with

standard y and D.

Figure 12
Recent divertor designs for (a) EU DEMO [50], (b) JA DEMO [17], (c¢) CFETR [51], (d) K-
DEMO [21].

Figure 13

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 Garget to be 10 MWm2, which was larger than the simulation result in

Sec. 3.2. [17]

Figure 14

Recent design of EU DEMO divertor (2019) [50]: (a) cassette with target plates, shielding liner
and cooling manifold, higher temperature (180-210 °C) coolant route is shown by arrows. (b)
Arrows show lower temperature (130-140 °C) coolant route for inner and outer targets. (c) Flow

velocity, coolant temperature, pressure for targets and cassette body.

Figure 15
(a) Early divertor concept of CFETR divertor design [43]: the divertor consists of three first
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wall modules (inner target, dome and outer target) and cassette body. The water route in the
divertor cassette is toroidally divided to left- and right-sides. (b) Hybrid coolant cooling circuit
[51]; OVT: outer target and baffle; IVT: inner target and baffle; Dome: umbrella, inner and
outer reflector plates. The number is the quantity of the cooling unit channels. (c) schematic of

streaming sequence of the coolant. Dome part I and II describe Dome module divided toroidally.

Figure 16
High heat flux target technologies developed for EU DEMO divertor [50]: (a) ITER-like
monoblock baseline concept, (b) thermal break interlayer concept, (¢) composite pipe of W-

wire in Cu (W1/Cu), (d) graded interlayer, (e) Flat W-tiles and W particle/Cu composite block.
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Figure 6 (2 column)
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Figure 8 (2 columns)
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Figure 11 (1 column)
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Figure 13 (1 column)
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Figure 15(1 column)
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