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ARTICLE INFO ABSTRACT
Keywords: The power exhaust concept and an appropriate divertor design are common critical issues for tokamak DEMO
DEMO design activities which have been carried out in Europe, Japan, China, Korea and the USA. Conventional divertor
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Divertor simulation
Divertor design
Water-cooled divertor

concepts and power exhaust studies for recent DEMO designs (Pgusion = 1 — 2 GW, R, = 7 — 9 m) are reviewed
from the viewpoints of the plasma physics issues and the divertor engineering design. Radiative cooling is a
common approach for the power fusion scenario. Requirements on the main plasma radiation fraction (f33" =
PI&n/py ..0) and the plasma performance constrain the divertor design concept. Different challenges contribute to
optimizing the future DEMO designs: for example, (i) increasing the main plasma radiation fraction for ITER-
level Psep/Rp, designs and simplifying the divertor geometry, and (ii) extending ITER divertor geometry with
increasing divertor radiation (Pga‘;‘é) for larger Psep/Rp > 25MWm ! designs. Power exhaust simulations with large
Pgep, = 150 — 300 MW have been performed using integrated divertor codes considering an ITER-based divertor
geometry with longer leg length (1.6 — 1.7 m), as in a common baseline design. Geometry effects (ITER like
geometry or more open one without baffle) on the plasma detachment profile and the required divertor radiation
fraction (f‘rjé‘é = Pf;‘é/Psep) were key aspects of these studies. All simulations showed that the divertor plasma
detachment were extended widely across the target plate with a reduction in the peak heat load of Grarger < 10
MWm ™2 for the large r;ﬁ = 0.7 - 0.8, while the peak qrarger location and value were noticeably different in the
partially detached divertor. Simulation results also demonstrated that radial diffusion coefficients of the heat and
particle fluxes were critical parameters for DEMO divertor design, and that effects of plasma drifts on outboard-
enhanced asymmetry of the heat flux, suggested the need for longer divertor leg to ensure the existence of a
detached divertor operation with Grarget < 10 MWm 2.

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 (W-MB) with Cu-alloy cooling
pipes. Engineering design adequate under higher neutron irradiation condition was required. Therefore, inlet
coolant temperature (To0)) Was increased. In current designs, it still shows a large potential variation between
70 °C and 200 °C. The influence of thermal softening on the Cu-alloy (CuCrZr) pipe was fostered near the strike-
point when the high grarger of ~10 MWm ™2 was studied. Improved technologies for high heat flux components
based on the ITER W-MB unit have been developed for EU-DEMO. Different coolant conditions (low- and high-
Teoo) Were provided for Cu-alloy and reduced activation ferritic martensitic (RAFM) steel heat sink units,
respectively. The high-Tcy, coolant was also considered for the CB and supporting structures. Appropriate
conditions for the high-Tq 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 optimizations of the divertor and DEMO design.

* Corresponding author at: Plasma Theory and Simulation Group, Naka Fusion Institute, QST, 801-1 Mukoyama, Naka, Ibaraki 311-0193, Japan.
E-mail address: asakura.nobuyuki@qst.go.jp (N. Asakura).

https://doi.org/10.1016/j.nme.2023.101446

Received 17 October 2022; Received in revised form 10 April 2023; Accepted 11 May 2023

Available online 15 May 2023

2352-1791/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).



N. Asakura et al.
1. Introduction

Demonstration of electric power production larger than internal
power consumption (net electricity generation) is the most outstanding
challenge of a DEMO fusion reactor. The fusion power (Pgysion) and de-
vice size (major radius: Rp) are increased to achieve net electricity
generation and tritium breeding to sustain the fusion reactions (self-
sufficient tritium breeding). Power exhaust concept and the appropriate
divertor design are common critical issues for DEMO tokamak devel-
opment activities, which have been carried out in Europe (EU-DEMO1
[1,2], Flexi-DEMO [3]), Japan (JA-DEMO 2014 [4,5] and high plasma
elongation: high-k [6]), China (CFETR [7]), Korea (K-DEMO [8,9]), and
the USA (FNSF [10], ARIES-ACT1 [11]). Representative plasma pa-
rameters and heating power of recent DEMO concepts are shown in
Table 1. Those for ITER [12,13] are also added. These plasma parame-
ters are referred to in their cited references. Noted that results of the
power exhaust and divertor design in this paper may be taken from other
related references, where some design parameters can differ slightly
from those representative ones. The EU-DEMO1 baseline design (R,/a,
= 9.0/2.9 m, a,: midplane minor radius) is considered here, which is
referred to as EU-DEMO in the following sections. The power handling
concept of the recently proposed Flexi-DEMO (Rp/a, = 8.4/2.71 m,
aiming for not only pulsed operation but also 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/a, = 8.5/2.4 m). JA-DEMO high-« (elon-
gation at 95% of a,: ko5 = 1.75) can increase the plasma current (Ip)
with the same device size (R, and a,), toroidal field (Bt = 5.9 T) and
safety factor (gos = 4.1), which is considered as a reference power
exhaust concept in the following sections. For CFETR (Rp/ap, = 7.2/2.2
m) and K-DEMO (Rp/ap, = 6.8/2.2 m), plasma parameters at the first
operational stage are considered. The design activity for FNSF (Rp/ap =
4.8/1.2 m) was recently reviewed, aiming at developing sufficient en-
gineering and technology for tritium breeding ratio (TBR ~ 1.0) and
proceeding issues related to net electricity production . A power plant
concept from the USA such as ARIES-ACT1 (R,/ap = 6.25/1.56 m) will
achieve above DEMO missions.

Generally, pulsed DEMO concepts have larger Pfysion, and steady-
state concepts must increase the auxiliary power (P.yy) for sufficient
plasma current drive. The total heating power (Ppat) by a-particles (Py)
and P, of these DEMO concepts is increased to 1.8 — 3 times larger than
that of ITER, while the device size (R}) is restricted from the ITER-level
to 1.5 times larger. A power exhaust parameter of Ppeat/Rp = 39 — 62
MWm ! noticeably larger than ITER (24 MWm 1) suggests significant
increase of the heat flux in the scrape-off layer (SOL) , if radiation losses

in the main plasma (P23") are not expected. Double-null divertor design

Table 1
Key design parameters of recent DEMO concepts, obtained by system codes.
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is proposed (K-DEMO, FNSF) or considered (EU-DEMO) for devices with
Prear/Rp larger than twice that of ITER. The power exhaust scenario and
divertor design for the DEMO reactor are critical issues of physics, en-
gineering and technology, and challenges are present even in the con-
ventional approach based on the ITER divertor. During the conceptual
design phase, it is important to review the key topics of representative
DEMO divertor concepts to facilitate their future improvement and
development,even though the reference design concepts of the DEMO
reactor, power exhaust and divertor design differ somewhat in each
community. Here, we summarize common views and differences in the
divertor designs , and clarify critical issues and challenges.

First, the power exhaust scenarios in the main plasma and divertor
have been investigated for the various DEMO concepts, while keeping
the radiative cooling by impurity seeding as a common approach. The
total radiation fraction in the main plasma and divertor is large (fiog =
P04/ Pheat > 0.8, where PSSy = PIain 4 psol 1+ pdi: total radiation loss in
the main plasma, SOL and divertor), compared to that for ITER (fioy =
0.6 — 0.7) in order to reduce the peak heat load on the divertor target
(Gtarger) to 10 MWm 2 level [12,13].

Second, power exhaust simulations in the divertor have been per-
formed by integrated divertor simulation codes to predict a self-
consistent transport solution for the plasma, neutrals and impurities in
the SOL and divertor. In particular, for the reactor designs, the divertor
plasma detachment is required to significantly reduce both the plasma
ion and electron temperatures near the strike-points (T‘iﬁ", T‘eﬁ") and the
peak arger. Formation of divertor plasma detachment and an opera-
tional window in terms of key power exhaust parameters such as exhaust
power to the SOL (Psep = Pheat - PRan radiation loss fraction in the SOL
and divertor normalized by Psep oy — P + Pfai‘é)/Psep), and char-
acteristic width of the heat flux profile in SOL (/1201“) have been inves-
tigated to determine appropriate divertor designs [14-24]. Larger f*i%
is required as the divertor power handling parameter (Psep/Rp) is
increased compared to the ITER values (f"'fgﬁ =0.5-0.6, Psep/Rp = 16
MWwm ™) [25].

Third, it is also necessary to develop the foreseeable engineering
design of the divertor under more severe neutron irradiation conditions
compared to ITER. Integrated designs of the water cooled divertor
target, cassette and cooling pipe routing have been recently developed
for each DEMO concept. The plasma facing components (PFCs) in these
conventional divertor designs for DEMO is mostly based on the ITER
technology [26], i.e. tungsten monoblock (W-MB) concept with Cu-alloy
coolant pipes. Arrangements of the PFCs and coolant pipes for the
different DEMO divertor concepts, and common design issues of the
water cooled divertor are summarized. Here, design concepts of single-
null magnetic geometry and water-cooled divertor are the main focus.
Helium (He) cooling target concept is considered for the USA DEMO

Parameters EU-DEMO [1,2] JA-DEMO CFETR (1st stage) K-DEMO (1st phase) FNSF [10] ITER (inductive, Q = 10)
[4,5] [7] [8,9] [12,13]
R, (m)/ ap (m) 9.0/ 2.9 8.5/ 2.4 7.2/ 2.2 6.8/ 2.1 4.8/1.2 6.2/ 2.0
A 3.1 3.5 3.3 3.2 3.5 3.1
I, (MA) 18.0 12.3 13.8 12.3 7.9 14
Br (T)/ BY*™ (T) 5.9/ 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- ~400s
state
Divertor configuration Single null (option: Double  Single null Single null Double null Double Single null
null) null
Prysion (MW) 2000 1462 974 2200 520 500
Paux (MW) 50 84 82 160 129 73 (installed)
Pheat: Py + Paux (MW) 457 376 277 600 233 ~ 150
Phea/Rp (MWm 1) 53 44 39 88 49 24
ave. neutron load to first wall ~1 ~1 ~ 0.7 ~2 ~12 0.5

(MWm™~2)
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divertor. The double-null divertor design is proposed particularly for the
large Phrear/Rp concept, but it will likely pose significant engineering
issues such as installation of the upper divertor coil and restricted
remote maintenance. In addition, accurate control of the double-null
plasma configuration is required to obtain a balanced up-down diver-
tor power distribution .

This paper reviews the steady-state power exhaust scenario and
divertor design development for recent representative DEMO concepts,
which were based on a plenary presentation in the 25th International
Conference on Plasma Surface Interactions in Controlled Fusion Devices
(PSI-25) [27]. Topics were chosen mainly from baseline DEMO design
concepts for the steady-state power exhaust, which have been primarily
developed for all DEMO concepts. Divertor design for the transient heat
load from detached to attached plasma, and developments of the plasma
design and relevant equipment for suppressing or mitigating the edge
localized mode (ELM) activity are indispensable to finalize the DEMO
conceptual design.

Power exhaust concepts for representative DEMO plasma designs are
shown in Sec. 2. Section 3 reviews recent status of the power exhaust
simulations for DEMO divertor design; simulation codes and input
conditions, divertor plasma detachment, divertor geometry, tungsten
(W) erosion estimation in the partially detached divertor, and effects of
radial diffusion coefficients, are summarized. Engineering design con-
cepts of water-cooled divertor, their issues of high heat removal com-
ponents and coolant condition, and development of the target
technologies are summarized in Sec. 4. Recent progress and key issues
are summarized in Sec. 5.

2. Power exhaust concepts with impurity seeding

Power handling in the main plasma is determined by competing re-
quirements of increasing the radiation loss fraction (f23" = pP2a"/py .
vs. the plasma performance as characterized by the enhancement factor
of the energy confinement (HHgggy,2)) and the normalized f (fn).
Different power exhaust scenarios were proposed for the EU-DEMO and
JA-DEMO concepts. Power exhaust concepts were investigated in EU-
DEMO [28] and JA-DEMO [6] from the parameter scans by the EU
and JA system codes (PROCESS [29] and TPC [30], respectively). Large
power exhaust scenarios require radiative cooling both in the main
plasma and divertor . Relatively high-Z impurities such as argon (Ar),
krypton (Kr) and xenon (Xe) are preferable for the DEMO design [31,32]
in order to increase PR4™ because of their large radiation loss rate co-
efficient for high T. (>100 eV) range as shown in Fig. 2 of Reference
[31]. Ar seeding was used as a reference for both DEMOs to control the
radiation loss in SOL and divertor, since relatively large radiation loss is
expected also at lower T, (less than 50 eV).

EU-DEMO aims for 2-hours long pulsed operation producing net-
electricity of Ppet = 500 MW with Pgysion ~ 2 GW, which is based on
the expected performance of ITER plus conservative improvements in
physics and technology. Plasma parameters and the power exhaust
concept of the main plasma were shown in Reference [1]: design points
of the EU-DEMO (R, = 9.0 m, By ~ 6 T) were predicted as a function of
the Py, ratio above the L- to H-mode transition threshold power [33]
(fu = Psep/PLp) while achieving ITER-level HHog(y,2) (1.1) and stable Sy
(2.6) by impurity seeding. Minimal R;, (9.0 m) was determined at fiy =
1.2 for a given power handling parameter in the divertor (Psep/Rp = 17
MWm ™). The plasma density and radiation loss for the baseline design
are also shown in Table 2. The EU-DEMO concept challenges increasing
foain ¢5 ~0.67 by impurity seeding scenario with higher-Z impurities
such as Kr and Xe, in addition to Ar to employ ITER-level power
handling in the divertor, as shown in Fig. 1. Power exhaust parameters
of Flexi-DEMO, i.e. f34" ~ 0.67 and Pgep/R,, ~ 20MWm ! for the pulsed
plasma and f53" ~ 0.61 and Pgep/Rp ~ 23 MWm ! for the steady-state
plasma, are also added. Such high f23" was reported in the ASDEX-
Upgrade (AUG) H-mode experiment with Ar and nitrogen (N) seeding
[34,35], and some representative values from the database are plotted in
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Table 2
Power exhaust parameters of DEMO concepts with the single null divertor.
Parameters EU-DEMO JA-DEMO (higher- CFETR (steady-
[1] x) [6] state) [20]
line-ave. n, 8.7 8.6 6.3
(1019m’3)
n“V (10" m %) 7.2 7.3 9.1
line-ave. ne/nc'w 1.2 1.2 0.67
Seeding (Njmp/ne, %) Xe (0.039) + Ar (0.6) Ar/Ne
Ar
Phear (MW) 457 435 305
main (MW) 306 177 86
PRAN/Py o 0.67 0.41 0.28
Pgep (MW) 154 258 219
Pyep/Rp(MWm 1) 17 30 30
PyepBr/qosRpA 9.2 125 10.9
(MWTm ™)
Pry in DT(MW) 133 115 68
fint = Psep/Prit 1.2 2.2 3.2

Fig. 1. Also reducing the divertor coverage, i.e. removing the divertor
baffle, is shown in Secs. 3 and 4 to increase the tritium breeding volume
[36].

EU-DEMO design points were investigated in Reference. [28] as
figures of merit for handling transient heat load due to divertor plasma re-
attachment and impurity concentration to achieve the divertor plasma
detachment. Fig. 3(a) and (b) show the divertor operation boundaries by
three thick lines and representative regions; (i) the maximum tolerable
heat load condition of PsepB1/qosRpA ~ 9 MWTm ™! (qos: safety factor at
95% of a,, A = Rp/ap: plasma aspect ratio), (ii) the critical impurity
concentration in the SOL to produce divertor detachment (cz,der) com-
parable to a reference value (crgr), which is consistent with the fuel
dilution in the main plasma, and (iii) Ps, = Pry. Here, the previous
design value of Psep = 150 MW [1] is assumed for the boundaries (i) and
(ii); thus fiy corresponds to 1.36 due to Pry = 110 MW [28], where the
reference plasma parameters were slightly revised. The normalized cz get
(€z,det) is used in Fig. 2 (a) and (b). Appropriate design points for the
divertor operation (PsepBi/qosRpA < 9 MWTm™!) and impurity con-
centration (Czder < 1) are shown within colored area (A and B), where
application of the existing superconductor technology corresponds to

| Exp. Tokamak [JT-50L| AUG
Datach dvertor | O | [J
Attach divertor | | |
1

EU Flexi-DEMO ]

~. JADEMO {

E 05} . ~,, higher-xk 1
o O \ ‘h% g |
5 04f CrOp ., SaITER
4 %, (@) st JADEMO
= (. o o
§ 03} @a}% S 14
Soaf he % CFETR
¢0 1 9 2 ‘3_’@ hyb. s.s. 1

0 |2 L L né 1 &1 L

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

Fig. 1. Fraction of PT4" in the total heating power (Ppe.) and the divertor

power handling parameter (Pse,/Rp) for ITER, EU-DEMOs (DEMO1, Flexi-
DEMO), JA-DEMOs (DEMO 2014, DEMO higher-x) and CFETR (hybrid and
steady-state concepts). Results of impurity seeding H-mode experiments in AUG
[35] and JT-60U [37] are also shown by squares and circles: orange and green
colors correspond to attached and detached divertor cases, respectively. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(a) (b) Fig. 2. Constant lines of PypBr/qosRpA ~ 9
12- 8 @® DEMO ref'_ } MWTm ™ (blue), ¢ z,det < 1 (magenta) and fiy =
v w fj 1 lOwer limit 1 (red) in the fiy - R plane (a) and fi;; — By plane
75! [ 2‘7_,det =1 (b) for EU-DEMO study, assuming Pfysion = 2 GW.

11; — PsepBT /ap A Rp = IMWT/m The re.ference design point is represented with a
. . ; red point (R, = 9.0 m, By = 6 T, fiu = 1.2). Green

R [m]
w
[o]

BIT]

[= ;]
[==]
i
=]
(o8]
FS
-
2]

“A”. Provided that fiy = 1.2 is a standard value for EU-DEMO concept,
design point for updated EU-DEMO corresponds to PsepBt/qosRpA ~
8.11 MWTm ™! and Cz,det = 0.85, and the exhausted power is reduced to
Pgep = 132 MW. Noted that the ambiguity of Py is relatively small from
the power threshold database in low Zg region (< 2) [33], which is
relevent to the ITER. However, further improvement of the database
with regard to impurity seeding and Ppy scaling for higher Z.¢ will be
necessary to determine Py more acculately for the DEMO plasma
designs

Required
soooHHE1L18 —»130»140
(MW)} 1MW) Psep/Rp
4 h (MW/m)
i - ] 50
L Piusion 4400
1500 - :
i E 40
b > i
3 =300
F - 200
500 - I------E
[ H-mode Pth
i 1'% 340
D [ 1 L L P | 2 I 0 0

0 0.2 04 0.6 0.8
CAr = Nar/Ne (%)

-t

Fig. 3. Ppyion (red), PRA™ (blue), Py, (green) as a function of Ar impurity
concentration (car = nar /ne) for JA-DEMO with increasing kgs = 1.75. HHog(y,2)
required for Sy = 3.4 is increased with increasing car. Pma™ includes radiation
loss power due to bremsstrahlung, synchrotron and impurity line radiations.
Power handling parameter for the divertor (Psep/Rp) is also shown at the right
axis. Design point of JA-DEMO higher-k is shown in large circles (car = 0.6%).
Pry (114 MW) is shown by dotted line. [6]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

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. C, D, E, F are not suit-
able for reactor operation: (C) below Ppy, (D)
both figures of merit, (E) excessively high impu-
rity concentration, (F) unable to deal with loss of
detachment by divertor sweep and ITER-like
target technology. [28]. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this
article.)

JA-DEMO aims to steady-state operation producing Ppe¢ of a few 100
MW with Pgysion ~ 1.5 GW and installing enough central solenoid (CS)
coils for full inductive plasma start up. High plasma density is required
to achieve adequate power exhaust and low fuel dilution by impurities.
For the primary plasma design (JA-DEMO 2014) as shown in Table 1,
high Greenwald density fraction of f¢V = 7i,/nW = 1.2 0V = Ip/nag
[10%° m’3, MA, m]) was assumed, thus I, and the line-averaged density
(i) were restricted to 12.3 MA and 7.9x10'° m~3, respectively. Further
increase of c32™ reduced Ppysion below 1.5 GW due to the fuel dilution,
and, at the same time, HHog(y,2) > 1.3 was required. Therefore, cpain,
PRd" and fiay" were restricted up to 0.25%, 82 MW and 0.22,
respectively.

JA-DEMO higher-k design (xgs5 is increased from 1.65 to 1.75)
increased I, to 13.5 MA and 7. to 8.6x10'° m~3, and also improved the
plasma performance such as Pgjon and 7. Thus, the baseline re-
quirements (HHog(y,2) = 1.3, fv = 3.4) for the steady-state JA-DEMO
plasma can be obtained under the higher impurity condition of ¢} =
0.6 %, as shown in Fig. 3 and Table 2: Py, becomes comparable to that
of EU-DEMO, PT4™ is substantially increased from 82 MW (DEMO 2014)
to 177 MW, and Py, is reduced from 294 MW to 258 MW, which pro-
vides enough margin above Piy (fiu = 2.2). Therefore, the power
exhaust concept of /24" ~ 0.4 with HHog(y,2) = 1.3 (both are slightly
higher than ITER-level) and large Pgep/Rp (~30MWm ™ }) are perfor-
mance challenges for both the main plasma and divertor. The power
exhaust parameters for both JA-DEMO designs are shown in Fig. 1,
where some representative results of f23" ~ 0.4 and detached divertor
experiments in JT-60U long-pulse with Ar seeding were plotted [37].
Here, vertical stability of the high k95 plasma was sustained by passively
induced current in the conducting structures without in-vessel control
coils. Increasing kg5 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
breeding blankets (BBs) [38].

Since the n®Y values for both JA- and EU-DEMO designs are lower
than that of ITER (1.1x10%° m~3), H-mode operation with high " > 1 is
required to satisfy appropriate Pgysijon and Ppe; values. On the other hand,
recent experiments (JET-ILW and AUG) reported the restriction at high-
Y (0.9-1) to obtain H-mode plasmas only by external gas fueling [39].
A relatively peaked profile of n. and a pedestal density of less than n"
will be necessary for the JA- and EU-DEMO plasmas to obtain the high
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W and an internal transport barrier (ITB) of the T, and T; profiles as
well as the n, profile will need to be maintained, in particular, for the JA-
DEMO plasma to achieve higher HHog(y,2) and fi.

The plasma performance for the first target of the CFETR steady-state
scenario was proposed in Reference [20], with a focus on tritium
breeding; Pfusion ~ 1 GW, a stable fy (2.0), and high HHogy,2) (1.4) at
relatively low 7. 6.2x10'° m~3) and fGW (0.67), which challenges the
high-x plasma design actively controlled by in-vessel coils. Power
exhaust results are shown in Table 2. Power handling of large Psep (219
MW) and Psep/R) (30 MWm_l) is required in the divertor due to low
j’r’;ﬁm (0.28), as shown in Fig. 1. Further improvement of Sy (~3.0) will
achieve a high bootstrap current fraction (fgs ~ 0.75) at a DEMO level
performance of Prysion ~ 2 GW with increasing 7. up to n°V. In addition,
the corresponding hybrid operation scenario with ohmic heating frac-
tion of 0.3, aiming at reducing slightly HHog(y,2) (~1.2) and increasing 7,
(fGW = 0.85) for the comparable Pyysion, reduces Psep, (177 MW) and Pgep/
R, (25 MWm 1) with the same f53",

The first phase of the K-DEMO (R, = 6.8 m, Pfysion = 2.2 GW) steady-
state concept was proposed to increase f24™ ~ 0.4 in order to handle the
large Pheat ~ 600 MW [22] and to achieve the high plasma performance
with high fgs, i.e. HHog(y,2) = 1.2, iy = 2.8, fgs = 0.77 [9]. The FNSF long
pulse scenario proposed relatively low f24™ = 0.24 for HHog(y2) ~ 1, By
=2.6, fgs = 0.52 [10]. While Py}, (360 MW for the K-DEMO and 177 MW
for the FNSF) was different, Psep/R,, became large (53 and 37 MWm’l,
respectively), which were respectively 3.3 and 2.3 times larger than that
of ITER. Thus, the double-null plasma configuration was chosen for
these two designs to distribute the large Pgp to the upper and lower
divertors.

Consequently, in the recent DEMO-level power exhaust with Ppe,¢ of
2 — 4 times larger than that of ITER, the exhaust scenario of the large
thermal power both in the main plasma and divertor is a common high
priority issue. Representative concepts of increasing f23™ with the high
plasma performance (HHog(y,2), fn, fps) are summarized for the DEMO
missions, which determine power handling in the divertor. At the same
time, designs need to provide adequate performance for power handling
and particle exhaust in the relatively low density DEMO plasmas. Design
improvement to high plasma density is required from the viewpoints of
reduction in the fuel dilution and the power exhaust in the main plasma
and divertor.
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3. Power exhaust simulation for DEMO divertor design
3.1. Divertor simulation codes and conditions

Conventional designs of DEMO divertors have been developed, based
on the ITER divertor. Large power handling of Psep/Rp ~ 30 MWm ! is
an important challenge for JA-DEMO and CFETR, and similar size of a
long leg divertor (Lgiy = 1.6 — 1.7 m, i.e. 1.6 — 1.7 times longer than
ITER) is proposed as shown in Fig. 4 (a) and (b), respectively. For the JA-
DEMO divertor, the poloidal angle between the separatrix and target
surface at the strike point (Hd“’) is designed as 30° and 25° at the inner
and outer targets, respectively. The flux expansion along the target, i.e.
fg,i(}',/sinédiv where f‘ej% = (BP/BT)mid/ (BP/BT)diV, is similar at the inner and
outer targets (~12). The divertor PFC encloses all plasma below the X-
point, and the SOL field lines within the outer midplane radius (rmid) 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 plasma
detachment will be expected particularly near the strike-point. The
design concept of the ITER divertor is simplified for the EU-DEMO, i.e.
baffles are removed and targets encloses near the strike-points of the
long divertor leg, in order to increase the tritium breeding volume. The
open and shallow geometry is considered as shown in Fig. 4(c). 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 mainly with Ar
impurity seeding for DEMO. Fig. 4 also shows calculation mesh for the
divertor simulations of SONIC on the JA-DEMO divertor (Ar) [14],
SOLPS5.0 on the CFETR divertor (Ne or Ar) [20], and SOLPS-ITER on the
EU-DEMO divertor (Ar) [17]. As will be shown in Sec. 3.3, UEDGE is
used for FNSF with Ne seeding, and for K-DEMO to compare N3, Ne and
Ar seeding. Plasma cross-field drift modelling was not used (not incor-
porated in SONIC) for these simulation results. Studies of longer leg
divertor including drifts effects on the CFETR divertor were performed
by SOLPS-ITER [21], and both the inner and outer leg lengths were
recently extended (1.6 m and 2.4 m, respectively). For the EU-DEMO
simulation, the shielding liner is removed in this simulation work.
Exhaust power (P,,) and particle flux were given at the core-edge
boundary (*™%/a = 0.95 for JA-DEMO and CFETR, and 0.98 for EU-
DEMO); Py = 250, 200, 150 MW for the above reference cases, and
Pgep ~ 235, 193, 146 MW, respectively, which were slightly smaller than
Pgy since the radiation loss in the plasma edge is less than 7% of Pgy;.

Selection of the radial diffusion coefficients (diffusivities) on the ion
and electron heat fluxes (y;, ye) and particle flux (D) for the SOL plasma

5
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Fig. 4. (a) SONIC simulation mesh for the plasma fluid and neutral/impurity MC calculation, and the divertor geometry of JA-DEMO [14]. (b) SOLPS5.0 simulation
mesh for the plasma fluid calculation, and the divertor geometry of CFETR [29]. It is used also for SOLPS-ITER simulation. (¢) SOLPS-ITER simulation mesh for the

plasma fluid calculation, and the divertor geometry of EU-DEMO [17].
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Table 3
Power exhaust and diffusion coefficients of DEMO divertor simulation.
Parameters EU-DEMO JA-DEMO CFETR FNSF|[23]
[17] [6,14] [20]
Divertor code SOLPS-ITER SONIC SOLPS5.0 UEDGE
Pyep (MW) ~ 146 ~ 235 ~ 193 ~ 88 (lower
divertor)
TP (keV) 0.2 0.37 0.46 ~ 0.2
TP (keV) 0.5 0.83 2.1 ~ 0.5
P (10" m™%) 2.8 2.0 1.7 ~6
7°48e/50L (2 0.2/0.18 1.0 1.0 0.5
s D
Dedse/SOL (2 0.2/ 0.42 0.3 0.3 0.33
s 1)
204 (mm) ~3 2.9 ~3 ~2

Note *1: The former and latter values are provided for edge and SOL regions,
respectively.

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, y; = ye = 1 m?s ! and D = 0.3 m?s ™! were the
same as the “standard” values of ITER simulation by SOLPS4.3 [40]. The
e-folding length near the outer midplane separatrix (zg‘};‘) of the parallel
heat flux (q,/) profile (including electron and ion components) corre-
sponded to 2.9 mm, which was narrow compared to 3.6 mm in the ITER
simulation due to higher T¢P and TP in the JA-DEMO (370 and 830 eV,
respectively). The same y = 1 m?s~! and smaller y = 0.2 — 0.18 m%!
were given for CFETR and EU-DEMO, respectively. While local /1{1“)}1
become small than 2 mm for the latter case, average /1{1“}}1 near the sep-
aratrix (Ar““id < ~1 cm in SOL) is provided to similar value of ~3 mm.
For the UEDGE simulation on the FNSF divertor [22], the half power of
Psep (0.5x176 MW) was assumed to be transported to the lower divertor
and use of smaller y = 0.5 m?~! provided smaller g‘/i}j ~ 2 mm. On the
other hand, Ag}i}i was estimated by ﬂgi/c/h = 0.7-B;O'77'q%5°5-P§)e‘gg [mm, T,
MW] [41] based on the experimental database of heat load profiles
under the attached divertor condition, and the scaling predicted lgi/c/h =
0.9 and 1.2 mm for ITER and JA-DEMO, respectively. Similar to the ITER
case, /13‘}? used for DEMO simulations was also wider than the empirical
scaling. Reductions of both y and D by factors of 2 and 4 produced
smaller Aﬁ“}}i of 1.6 and 1.2 mm, respectively, in ITER simulations [40]
and the peak q,, became larger. On the other hand, increase of the peak
Grarger remained comparatively small (20 — 40 %) due to enhancement of
the particle recycling near the divertor separatrix. The influence of
reducing the radial 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 for the target heat load by the plasma (g**™) is
described by Psep, frdiv, l{l‘}i}j and the flux expansion along the target
(sing™/f0%), as follows: qP™™ = (Poep/Rp)-(1-f*1ae)-(sin6™™ /feiy)-
(4n/1fl"/i}deet)'1, where the power reduction in the detachment is repre-
sented by a dissipation factor (%Y. Integrated divertor simulation
provides a two dimensional transport solution of the plasma, neutrals
and impurities in the divertor. Pgep, f"'"‘fé‘é and radial diffusion coefficients
are important key parameters for the divertor performance. In partic-
ular, for the large Psep/R, DEMO designs, larger f*?;‘é is required
compared to that of ITER (0.5-0.6). Simulation scans will determine the
appropriate divertor size and geometry to maintain the large radiation
peak in the divertor chamber. At the same time, n$?/n®"V was reported
to be ~1/3 in the H-mode plasma experiments [42,43] and a similar
fraction in “standard” ITER simulations [40]. Recent experimental re-
sults in AUG W-wall and JET-ILW were also lower than critical values of
0.4 - 0.5 [44], which was predicted from the edge ballooning models, i.
e. ballooning parameter formula assuming the critical ballooning
parameter of 2.0 — 2.5. As a result, the operation range of n{®/nW is
expected to be 0.3 - 0.5, thus the operation boundary will be
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investigated in the density range of nif = 2 — 3.5x10%° m~3, which is
lower than that of ITER. Representative JA- and EU-DEMO results are
mainly shown as different power exhaust concepts and divertor
geometries.

Divertor operation in the low n§*P range and the influences of key
parameters were recently investigated in JA-DEMO [14]. A series of ng™?
scan was performed with changing fuel gas puff and divertor pumping
rates (2 — 10x10%2 Ds’l), where the Ar seeding rate was controlled to
keep a fixed f*f;ﬁ value. Two reference series for “JA-DEMO higher-x”
(Case-1: Pgep, ~ 235 MW and f*&1Y ~ 0.8) and “JA-DEMO 2014 (Case-2:
Pgep ~ 283 MW and the same f*?;‘é), and the more severe condition with
reduced f*?;‘é of ~0.7 for the two references (Case-3 and Case-4) were
investigated. The power exhaust parameter above, Psep-(l-f*fg‘é), corre-
sponds to 50, 60, 75 and 90 MW for Cases 1 to 4, respectively. Fig. 5(a)
and (b) show distributions of the radiation power density (Wy,q) in the
inner and outer divertors at nf® = 2.0x10*° m™2 for Case-1, corre-
sponding to a near lower boundary of the n¢’P range. The total radiation
powers in the inner and outer divertors are comparable, i.e., 79 MW 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 Wi,q is seen at 40 — 60 cm poloidally
upstream of the target near the separatrix, and it is maintained far above
the inner target. T. is decreased to ~1 eV over most of the area of the
target, which we describe as “full detachment”, as shown in Fig. 5 (c).
The total heat load (Grarger) is evaluated by including surface recombi-
nation of the ions (qf*° = n{CIVE;,,,, where nf", C&V and E;o, are ion
density, sound velocity at the divertor sheath and recombination energy,
respectively), radiation power load (q{ad) and neutral flux load including
charge exchange and volume recombination processes (gt), in addition
to the plasma heat flux (gP®™?). Multi-peaks appear near the strike-
point in the Garger profile as shown in Fig. 5 (e), which are attributed
to peaks of the ndV pdv 74V ang Tdv profiles. The largest peak earget Of
4.2 MWm 2 is seen in the detached region, mostly attributed to gf*c.

In the outer divertor, a large Wi,q is also seen at the upstream (40 —
60 cm) near the separatrix, where local cs, (= na,/ny) is increased up to 2
%. On the other hand, the W;,q peak shifts toward the target at the outer
flux surfaces as shown in Fig. 5 (b), and it becomes smaller than 10
MWm 2 (lowest color bar) and located just above the target (a few cm).
The plasma detachment is produced on the target within ~12 cm near
the strike-point as shown in Fig. 5 (d), which we describe as “partial
detachment”. The peak qarget of 5.5 MWm 2 is seen at the boundary of
the attached region, where both T‘eﬂ" and Tfﬁ" are increased from ~1 eV
to ~15 eV, and ngiv is decreased from ~ 1.5x10%2 m 2 to ~ 1.5x10%!
m 3. Thus, the peak Grarget is sensitive to their profiles. At the same time,
since the W;aq peak shifts toward the target, gP'®™ and ¢i? become
dominant in the Grarger- In the partial detachment, the peak Grarget is
sensitive to the plasma temperature and density profiles and location of
the Wiaq peak.

The outer peak grarget is generally larger than that of the inner peak
Qiarget- Divertor operation for the outer peak qarge; in the low né® range
and the influences of key parameters were summarized in Fig. 6. Closed
circles show a n¢’® scan for Case-1, where the reference shown in Fig. 5 is
marked by open circle. Squares, triangles and diamonds show other
three n¢®P scans for Case-2, Case-3 and Case-4, respectively. The peak
Qrarget is reduced with increasing n¢®P, and increased with increasing
Psep{l-f“"f;‘é). As aresult, Case-1 and Case-2 have acceptable solutions in
the low range (¥ ~ 2x10'° m~3) to reduce Qrarget < 10MWm 2. On the
other hand, for Case-2, the peak qarge: is increased from 5.6 MWm 2
(Case-1) to 9.5 MWm 2 at P = 2x10'® m~3 with reduced radial width
of the plasma detachment to 10 cm on the target. Since the surface
temperature of the W target is reduced in Case-1 (JA-DEMO higher-x),
compared to Case-2 (JA-DEMO 2014), it has advantages to provide
enough operation margin to the recrystallization temperature
(~1200 °C). For the lower f*?;é ~ 0.7 cases (Case-3 and Case-4), the
detachment width is further decreased, and the peak grarge: is seen also at
the attached region. The peak qrarge: is further increased to 12.2 and 14.5
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Fig. 5. (a)(b) Distributions of Ar radiation power density (W,,q) in the inner and outer divertors, respectively: ni® = 2.0 x 10%°m~3, Py = 250 MW, Pfg €+ Pﬁgé +
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outer divertor targets, respectively. [14].
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Fig. 6. Four series of peak garge: at the outer target for given exhaust power
(Psep) and radiation fraction in the SOL and divertor wdiv — (psol + Pf;‘é)/Psep)
as a function of ng® [14]. Circles and squares show Case-1 (red); JA-DEMO
higher-x reference (Pse, ~ 235 MW, f*}j;‘é ~ 0.8) and Case-2 (blue); JA-DEMO
2014 reference (Ps, ~ 283 MW, the same f*f;‘c’l). Triangles (green) and di-
amonds (purple) show Case-3 and Case-4, respectively, i.e. lower f+&Y (~0.7)
cases corresponding to Case-1 and Case-2, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

MWm 2 at niep ~ 2x1_019 m ™2 due to the increase in gP'™™, where both
the local T,%" and T{V are increased. Higher n® operation (>2.3x10'%)
is acceptable for Case-3, and further high n®P (2.6 — 3.0x10° m~%) will

be required for Case-4. For all cases, Ar concentrations in the midplane

SOL (ciP = naP/nP) are reduced to 0.4 — 1% for the range of niP = 2.0 —
2.5%x10 m~3.

Divertor plasma performance for the EU-DEMO divertor has been
investigated, using SOLPS-ITER. Reductions in 12‘“ and Qrarger Were
investigated by increasing the Ar seeding rate (0.2 — 2x10%! Ar-s™1) at
relatively large gas puff rates such as an order of 10%® D-s™1. The radi-
ation loss distribution in the divertor, plasma profiles and accumulated
heat load profiles in the inner and outer targets for the representative
results are shown in Fig. 7, where n{ ~ 2.8x10*° m~2 is higher than
that of the JA-DEMO and the Ar seeding rate is 1.5x10%! Ar-s7L. Pyep is
146 MW, which is slightly less than P, of 150 MW. Total line radiation
is 75 MW, and the distribution in the divertor is shown in Fig. 7 (a).
While f/+8% = 0.51, it is noted that neutral dissipation processes by
charge exchange and recombination processes become 49 MW related to
the large fuel gas puff. Thus, total volumetric energy loss from the
plasma becomes 0.85 of Psep. Large Wy, is seen along both the inner and
outer divertor legs near the separatrix. In the inner divertor, T3V is 0.4 —
3.5 eV as shown in Fig. 7 (b): detachment (12” <1 eV)is produced over
a substantial region. The peak Grarger (3.2 MWm %) appears at riV ~ 3
cm, where gf becomes largest contribution near the strike-point (~1.2
MWm2) as well as gi* (~1 MWm2). At the same time, q{ad (0.3-0.9
MWm ) is extended in a wide region due to large Wy,q extended above
the inner target. On the other hand, in the outer divertor, partial
detachment is produced inside rdiv < 6cm, and T‘eﬁv is increased up to 24
eV in the attached region as shown in Fig. 7 (d). It is noted that peak
Qrarget (3.2 MWm™2) appears in the detached region (rdiV ~ 4 cm), where
the local T&V is ~1 eV. Therefore, gP'*™ is significantly decreased for
the EU-DEMO simulation, and both ¢{*® (1.3 MWm %) and gr (1.1
MWm2) are dominant, compared to gP'®™ and ¢ (0.4 — 0.5
MWm~2). These values of gP®™ i and ¢/ are similar to those in the
detached region of the JA-DEMO result such as at iV _3emin P ig. 5 (D).
Since gt for the EU-DEMO is 2 - 3 times larger, dissipation of momentum
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Fig. 7. (a) Distribution of line radiation power density in the divertor for EU-DEMO simulation. (b) (d) Profiles of ngiv and T‘Cﬁ", (c) (e) Profiles of integrating heat load
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(d). Vertical thick dotted lines correspond to the heat load peak locations, and horizontal thin dotted lines show Tﬂ” =1eV.

and ion flux may be enhanced in the EU-DEMO result. Comparison be-
tween the two divertors by either SONIC or SOLPS-ITER code, or
benchmarking between SONIC and SOLPS-ITER codes in either divertor
case will be required. In addition, in the EU-DEMO result, the peak
gP'®ma (1 MWm ™~ 2) appears in the attached region ' =13-18cm)
similar to that in the JA-DEMO case, while local qiarget (1.6 — 1.9
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Fig. 8. (a)Vertical bars show radiation power fractions in the different plasma
regions in inner SOL + divertor (dark red), outer SOL + divertor (blue), private
flux (green), and core (between core-edge boundary and separatrix: dark yel-
low) regions, as a function of Ar seeding rate. Dotted lines show total radiation
fractions of figf" = (PSe§® + Pisu + P)/Pow and (P24 + Piad)/Pou. (b) Inte-
grated ion fluxes (dash lines) and peak T3V (solid lines) at the inner and outer
targets. Dark red and blue colors correspond to inner and outer SOL + divertor
regions, respectively. The ion flux at the outer target begins to reduce as the
peak T3V drops below 5 eV (horizontal dotted line). [19]. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

MWm 2) is lower than the peak Qiarger- Since the qP'®™? js sensitive to the
T3 and nd profiles in the partial detached divertor, investigation of the
radial diffusion on the plasma profile is important as well as that of the
plasma dissipation models.

The systematic study of plasma detachment was recently performed
by SOLPS-ITER code with higher nf® ~ 4x10'® m~2 assuming larger ion
flux by pellet fueling at the core-edge boundary [19]. Peak T3V at the
outer target is reduced with increasing Ar seeding rate as shown in Fig. 8
(b), and the detachment in the outer divertor is produced at Ar seeding
rate of 6x10%° Ar-s™1. At the same seeding rate, the total radiation
fraction rgffl) also reaches the maximum as shown in Fig. 8 (a). In this
study, 95! is normalized by Py (150 MW) and Pyaq in the edge plasma
(described as “core”™) is ~17 % of Poy;, thus the maximum f%! ~ 0.75
corresponds to f*&Y [= (P! - P?;ic%e)/Psep] ~ 0.70. Power loss by neutral
dissipation processes is not included. Since the ion flux to the target is
significantly decreased with further increasing the Ar seeding rate, large
radiation loss is not maintained in the divertor region, and f"ﬂ‘é (and
ol is gradually decreased due to increasing Prqq in the edge plasma. As
a result, f*f;‘é is increased efficiently up to ~0.7 with increasing the Ar
seeding to ~6x 10%° Ar-s~L. Further Ar seeding increases cay and Ppaq in
SOL and edge regions, while the radiation loss in the divertor is reduced
and large radiation peak is shifted towards the X-point. Thus, the
detachment is enhanced both in the inner and outer divertors.

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§™® and the wider operation range without building up the X-
point MARFE [45]. Since year-long level steady-state operation is ex-
pected for the DEMO divertor, reductions of peak 1‘3“ (and T‘iﬁ") as well
as the peak qrarget are required to minimize erosion of the W-target under
the partial detached divertor.

The effects of target angle (09) on the detachment plasma and peak
Grarger Were investigated in the FNSF divertor by the UEDGE code with
neutral/gas fluid modelling [23]. The vertical target geometry (64" =
25%) was a baseline design similar to ITER, and the inner and outer Lgiy
were 0.37 m and 0.60 m, respectively. Further open geometries (64" =
50° and 70°), where the flux expansion at the target was decreased, were
compared as shown in Fig. 9 (a). Lower divertor performance was
simulated with a half power of P, i.e. 88 MW. Thus, only the ITER-
level power handling parameter (0.5Psp/R, = 18 MWm™ 1) was
required in the shorter leg divertor. Ne seeding was used, and relatively
high ne (1x10%° m~3) was given at the core—edge boundary (rmid/ap =
0.97). The total radiation fraction by neon (Ne) and hydrogen isotopes
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Fig. 9. (a) UEDGE calculation mesh for a baseline divertor design (vertical target geometry; 64" = 257, and other open target geometries (¢*" = 50" and 70°) [23].
(b) Baseline design result at the outer target: (upper frame) total heat load along the outer divertor plate, (middle frame) heat load components of radiation, electron
heat flux, ion and neutral heat flux including charge exchange and recombination processes, and surface recombination, (lower frame) profiles of electron density
and temperature. Results of open target cases with poloidal angle at the strike point of (¢) 6% = 50" and (d) 6%V = 70" are shown.

(D/T) corresponds to f*&Y = P?;‘é’low/(O.SPsep) = 0.83. For the baseline
case, Fig. 9 (b) shows that partial detachment is produced at the outer
target, and that low peak Grarget (~5 MWm 2) can be sustained in the
attached region (r*" ~ 0.3 m), which is attributed mainly to gP'*™ (~4
MWm2). Relatively high T3V of ~60 €V is seen in the outer region @
= 0.5 - 0.7 m) as shown in the lower plot of Fig. 9 (b). Here, heat load
components by electron and ion/atom transports are separately shown
in the middle plot of Fig. 9 (b), and the ion/atom transport component
includes charge exchange and volume recombination processes (q). In
addition, another peak Grarger (~3 MWm 2) is seen in the detach-attach
boundary 4V = 0.13 - 0.25 m), where Tfeﬁ" =2-3¢eVand q{ad (~1.5
MWm ) is the major heat load compared to the other components
(gP*™ g, and ¢f*) due to significant radiation peak near the target. It
was noted [23] that kinetic transport modelling of neutrals and mole-
cules (self-consistent coupling of the UEDGE and DEGAS codes) is
required for accurate evaluation, which would be expected to extend the
low T‘éi" region and further reduce the peak Grarget.

For the open geometry cases (9div =50’ and 70°), the detached region
becomes radially wider, and the peak garge: at the attached region is
reduced due to reduction in Teﬁv (and T‘iﬁ") as shown in Fig. 9 (c) and (d).
For both cases, q{ad is also the major heat load component. For the case
of ¢4V = 50°, the peak Giarger in the detach-attach boundary v =
0.10-0.18 m) is increased due to increase in g;*‘, and the two peak Grarget
values are comparable (~4 MWm 2). For the case of ¢4V = 70°, the
detached region is widely extended to r"’ ~ 0.18 m, and T3 and T are
further reduced to less than 1 eV. A broad gtarget peak (~3.5 MWm 32) is
seen near r'"V ~ 0.1 m, where ¢{*¢ (~1.8 MWm ) is the major heat load,
then ¢f* ~ 1 MWm ™2, and gP'®™ is reduced to ~0.7 MWm 2. It is
similar to the inner divertor (nearly full detachment). The operation
window of wide detachment and low qarge; is important for the choice of
the divertor geometry. At the same time, transport modelling of dissi-
pation processes, elastic collisions and kinetic effects become important
to evaluate the peak @rarger and the impurity distribution in the nearly
fully detached divertor. Further studies will continue using self-
consistent simulation of the UEDGE and DEGAS2 codes.

Appropriate divertor leg length (Lgjy) for the vertical target design is
primarily determined to maintain the seeding impurity and large radi-
ation peak in the divertor. Divertor performance with Lgjy = 1.6 — 1.7 m
has been investigated for the high Psep/R;, handling such as JA-DEMO
(30 — 35 MWm ™! by Ar seeding) [14,15] and CFETR (28 MWm ! by
Ne seeding) [20], and these results were demonstrated to be appropriate
for their reference design. Further study was recently performed for the
CFETR by SOLPS-ITER with various drifts activated such asVB x B and
E x B, which produced inboard-enhanced asymmetry of the particle flux
profile and outboard-enhanced heat load profile for the normal By

direction, i.e. ionVB drift towards the divertor [21]. Extension of Lgjy
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. 4 (b) and 10 (a): both inner
and outer Lgjy were extended from 1.3 m and 1.7 m to 1.6 m and 2.4 m,
respectively. Here, inner 6%V was increased from 34° to 46°, and outer
6% was the same (20°) [46]. Poy; 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
(rmid = -5-0 cm) and increased to 2.0 m?%s~! in the far SOL region (rmid
= 3 -6 cm): D was similarly varied. Typical lg‘/i}i was ~4 mm and g =
3.7x10' m~2 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 conditions for the gas puff (4x10%2 D-s™!) and
Ar seeding (4x 10'° Ar~s’1) with drifts activated, the poloidal distribu-
tions of T and c, near the separatrix from the outer midplane SOL to the
target for the two leg length cases are compared in Fig. 10 (b) and (c),
respectively. For the reference case, the target plasma becomes attached
(T‘éi" = 230 eV) due to lower radiation loss in the outer divertor, while
TV s significantly reduced to ~3 eV for the longer leg case. Next,
similar poloidal distributions of T. are achieved with increasing Ar
seeding (1x10%° Ar-s™1) only for the reference case as shown in Fig. 10
(d) and (e), where f*‘ri;ﬁ ~ 0.7 is comparable and similar partial
detachment (Tfeiiv ~ 1 eV) is produced near the separatrix (Fig. 10 (f) and
(g)). For the longer leg case, peak T‘eﬁv at r ~ 0.35 m in the attached
region is reduced from 47 eV (reference case) to 34 eV while reduction in
the peak Grarget is small. As a result, drifts will affect the divertor per-
formance, i.e. more severe heat load and higher peak T‘eﬁv at the outer
divertor, the longer leg is considered as new baseline design in order to
reduce both the peak grarger and 'If)_liv, to produce required ca, in SOL and
edge regions, and to extend the divertor operation window at lower n>.

Reduction in the peak grarget by N2, Ne or Ar seeding was investigated
in the double-null divertor for K-DEMO (by UEDGE) [22] with ITER-
level leg length and larger power to either divertor, i.e. 0.5P,, = 300
MW. Results showed that Ar seeding enhanced partial detachment more
than Ne and N cases, and the peak qarger Was efficiently reduced. It is
noted that appropriate power handling (Garget < 10 MWm™2) was ach-
ieved 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 limited, further improvements of the geometry and the
power exhaust scenario both in the main plasma and divertor will be
required.
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Fig. 10. (a)Baseline (reference) and long leg divertor geometries for CFETR. SOLPS-ITER simulations with various drifts activated such asVB x B and E x B [21].
Comparisons of poloidal profiles (starting from the outer midplane down to outer target) of (b) electron temperature (TEOL) and (c) Ar concentration (ci?L) near the

separatrix (r — rsep = 0.1 cm mapped to OMP), for the reference and long leg divertors. For both cases, D, gas injection rate and Ar seeding rate are 4.0x10%2 an
1, respectively. Comparisons of poloidal profiles of (d) IEOL and (e) car
1, Ar seeding rate for reference divertor and longer leg divertors are 1.0x10%° and 4.0x10'° atom s~ %,

4.0x10" atom s
rate and D, gas injection rate of 8.0x10%2 atom s~

d
near the separatrix from the OMP to outer target with the same Ar seeding
respectively.

SOL

Corresponding radial profiles of (f) TV and (g) total heat load (giarger) along the outer target.

3.4. Estimation of steady-state W-erosion in the partial detachment

Net erosion of the W target becomes a life-time issue for the DEMO
divertor since the ion fluence is expected to be one order of magnitude
larger than that in ITER. Low T‘eﬁ" and T‘iﬁv plasma is preferable in the
partially detached divertor, in particular, for the vertical target geom-
etry. W-flux sputtered from the target was reported in addition to the
divertor plasma parameters of EU-DEMO [17], JA-DEMO [14], CFETR
[20] and FNSF [23], where these estimations were carried out by
different methods. W-sputter flux and simple estimation of the erosion
rate are summarized in Table 4. Here, effects of transient plasma flux
such as mitigated ELMs are not included as we described in Sec. 1. W-
erosion is enhanced mainly by seeding impurity at the attached region,
where the local 'I‘eiiv is increased to 20 — 40 eV while the incident ion flux
(F?i") is reduced at the outer riV. Gross W-sputter flux in the DEMO
divertor simulation is sensitive to local plasma condition of I }ﬁv and
impurity concentration (c,) as well as v, Typical values of gross W-
sputter flux (F V) are reported to be a wide range between 6.3 x 10'7 and
8x10"° W.m 3 ’1, where the TRIM code surface database [47] was used
for the EU-DEMO result (the small one) and the DIVIMP code (including
prompt redeposition and self-sputtering of W) [48] was applied to the
CFETR (the high one). For the JA-DEMO case, F was determined
mostly by Ar impurity ions, and it was defined as yields per impacting
hydrogen ion (Yz-c, I 4ivy [42], where the incident energy for the sup-
pering yield (Yz) was given by the typical charge state (Z), plasma
temperatures and the sheath potential, i.e. 2Z- T8V 4 373V, For the FNSF
case, Yz was calculated by the incident plasma ions (D/T) with the

Table 4
Estimation of W erosion depth at the peak Tﬂiv by seeding impurities.
EU-DEMO JA-DEMO CFETR FNSF[23]
[17] [6,14] [20]
T qt 1%V (attached 20 eVat40 25V at 20 20eVat45 40 eV at 45
region) cm cm cm cm
riv m21) ~10% 4x10%2 5x10%! ~10%2
¢z = nz/n; (%) 1 (Ar) 0.4 (Ar) 0.6 (Ne) 0.4 (Ne)
i m2 Y 6.3x10"7 1.9x10"° 8x10'? 7x10'®
1)
Net erosion ratio: 0.1 0.1 0.03 (*2) 0.1 (*3)
Rnet
Adgee (nm s71) ~ 0.001 0.03 0.04 0.011
Adyear (mm year™")  ~ 0.03 ~09 ~12 ~03

Note *1: calculation is performed using the TRIM database [47].
Note *2: Ratio is evaluated by DIVIMP calculation [48].
Note *3: prompt re-deposition reduction factor is chosen from [50].

10

temperatures and the sheath potential, i.e. (2T{" + 3TdV) [49].

Net erosion rate is estimated by a simple formula of Adsec (nm/s) =
103 Rpee THY /[6.02x10%0/183.8-p] = 1.57 x10"2°Rper T, where Rpe; is
the ratio of net to gross erosion rate and p is W mass density (19.3x10°
kgm’3). Ryet is also a critical factor, and 0.1 is given for the FNSF esti-
mation, which considers prompt redeposition (finite-Larmor) effect
[50]. The same Ry is assumed for the EU-DEMO and JA-DEMO cases,
and lower value of 0.03 is evaluated by DIVIMP calculation for the
CFETR case. Prompt and local deposition modelling such as the finite-
Larmor effect and friction force by the plasma flow, and an experi-
ment database for gross to net erosion ratio are urgently needed. Net
erosion depth for year-long operation is also estimated as Adyeqr (mm/
year) = 4.95x 10" Ry THY, which is an order of magnitude larger than
that of ITER (e.g. assuming ITER with 2500 pulses of 400 s discharges
per year). Some results suggest that Ady.q reaches the 1 mm-level, which
corresponds to 10 — 20% of the monoblock thickness. As a result,
simulation results in the vertical target geometry suggested further
reduction of both peak T‘eﬁ" and T‘iﬁ", such as “pronounced detachment”
reported in ASDEX-upgrade [35], where the peak T4 ~ 5 eV in the
partially attached region, is preferable. Operation at higher n§*® and/or
sweep of the strike-point location [28,51] will need to be considered.

3.5. Effects of radial diffusion coefficients on power exhaust

In the divertor simulation, the radial diffusion coefficients of the SOL
plasma are primary key parameters to determine profiles of the heat and
particle fluxes. For the recent DEMO simulations, Ag}i}i of the total
(electron and ion) q,, profile was within a range of 2 — 3 mm, while
different diffusion coefficients were used as shown in Sec. 3.1 and

Table 3. The effects of smaller /lq/'/, which was produced by reducing
diffusion coefficients, on the partial detachment and divertor operation
were investigated in JA-DEMO [14,15]. Some representative simula-
tions with both y and D reduced to half values, i.e. ye = y; = 0.5 m%s ™!
and D = 0.15 m?s~!, were performed for the four series shown in Sec.
3.2. Profiles of electron, ion and total parallel heat fluxes near the X-
point (%%, % and g% + q/}’) for Case-1 (Pgep ~ 235 MW, f* <div 0.8
and the same nSP of 2.0x10'° m~3) are compared in Fig. 11 (a) and (c),
mapping to the outer midplane radius (*™). Here, radial gradients of
TZP, TP and nXP profiles were generally increased for the reduced y and
D case, and the increase in T; XP (from 820 to 1190 eV for the same nSeP
cases) was significant due to reduction in nP in the SOL region. Both ¢*%.
and ¢3% + ¢3% profiles are described approximately by a two-
exponential function such as gq,/(r™%) = )5 exp(—r™9/A85%%) + qf¥Fexp
(- rm'd//lff‘/r/), where 1377 and ﬂff/r/ are e-folding lengths of “near-SOL” and



