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Abstract — This paper summarizes the evolution of Japanese DEMO design studies in a retrospective
manner by highlighting efforts to resolve critical design issues on DEMO. Japan is currently working on the
conceptual study of a steady-state DEMO (JA DEMO) with a major radius Rp of 8.5 m and fusion power
Pfus of 1.5 to 2 GW based on water-cooled solid breeding blanket with pressurized water reactor water
condition (290°C to 325°C, 15.5 MPa). Such a lower Pfus allows to find realistic design solutions for
divertor heat removal. Recognizing that divertor heat removal is one of the most challenging issues on
DEMO, the divertor design has been carried out in different approaches, including numerical divertor
plasma simulation, magnetic configurations, heat sink design, etc. It is noteworthy that the latest divertor
simulation led to a design window allowing divertor heat removal of the peak heat flux of <10 MW/m’. The
breeding blanket (BB) design has been concentrated on simplification of the internal structure and pressure
tightness of the BB casing against the in-box loss-of-coolant accident. Due to a large amount of radioactive
waste generated in periodic replacement of in-vessel components, downsizing of waste-related facilities has
come to be regarded as a significant design issue. A possible waste management for reducing temporary

waste storage was proposed, and its impact on the plant layout was assessed.

Keywords — DEMO, fusion reactor, diverter, blanket, radioactive waste.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

In parallel with the steady progress of ITER
construction, many countries express increasing interest
in post-ITER programs toward the realization of fusion

power." ®  Since the middle of the 2000s, Japanese
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reactor studies have been devoted to DEMO conceptual
designs, and dozens of papers dealing with the conceptual
designs have been published so far. Most of them deal
with progress and updates of specific design issues, and
thus it is perhaps hard to know an overall history of the
design philosophy from the published literature. The
purpose of this paper is to summarize the Japanese
DEMO (JA DEMO) design studies during the past
decade in a retrospective manner and to characterize
Japan’s efforts to address DEMO design challenges
aimed at design consistency and feasibility.

Japan is currently working on the design activity of
a steady-state JA DEMO with a major radius R, of
8.5 m and fusion power Py, of 1.5 to 2 GW based on
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a water-cooled solid breeding (WCSB) operated under
the same water condition as pressurized water reactors
(290°C to 325°C, 15.5 MPa). The design could be
considered as a significant compromise with conserva-
tive design parameters, especially regarding P, and
a normalized beta By when compared with previous
DEMO concepts such as SIimCS (Refs. 7 and 8) and
Demo-CREST (Refs. 9 and 10). SIimCS was designed
to produce Pj, = 2.95 GW at R, = 5.5 m assuming
WCSB with subcritical water condition (290°C to
360°C, 23 MPa), while Demo-CREST eventually aims
to attain Ps, = 3 GW and By > 4 at R, = 7.3 m. The
update of the requirements for DEMO in 2015 is
responsible for the change from compact DEMOs
producing high fusion power (P, ~ 3 GW) to JA
DEMO with a lower P, and larger R,,.

In this paper, the background of the change in design
philosophy is described in Sec. II. In Sec. III, a brief
overview of the current JA DEMO is presented. The
latest results of the JA DEMO design are presented
together with design updates and changes during the
past decade in Sec. IV.

Il. DEMO DEVELOPMENT STRATEGY

Before 2015, DEMO was required to satisfy (1)
a reactor size similar to that of ITER, (2) the electricity
generation capability of a gigawatt level, (3) steady-state
operation, and (4) tritium breeding meeting self-sufficient
production of fuel in closed cycle, along with the report by
the Advisory Committee on Nuclear Fusion under the
Atomic Energy Commission of Japan.''" Under the
requirements, previous DEMO conceptual studies such as
SlimCS and Demo-CREST focused on a compact DEMO
producing a fusion power of 3 GW being equivalent to

2005 2010
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electricity of 1 GW. Hence, the lesson learned from these
DEMO studies is the difficulty in handling such a high
power with existing or foreseeable technology, especially
in divertor heat removal. This problem had an impact on
the arguments about the goals of DEMO among the
Japanese fusion community in the 2010s, and thus the target
on the output has been updated to “steady and stable power
generation beyond several hundreds of MW” (Ref. 12). Such
a change in the development policy created the
circumstances to explore a DEMO concept with a larger
R, and lower P, In the same year, the DEMO design
activities in Japan were unified to a single team called the
Joint Special Design Team for Fusion DEMO (Ref. 13). The
evolution of the DEMO designs is summarized in Fig. 1. In
alignment with the updated requirements, “A Roadmap for
Fusion DEMO Reactor” was formulated by the Science and
Technology Committee on Fusion Energy under the
Ministry of Education, Culture, Sports, Science and
Technology in 2018 (Ref. 14).

I1I. JAPANESE DEMO

Since the original concept of the JA DEMO was
defined in 2014 (Ref. 15), the pre-conceptual design has
been continued on the DEMO reactor and balance of plant.
Based on Refs. 11 and 14, the DEMO is requested to be
a steady-state tokamak with WCSB blanket. Figure 2 is
a cut-away view of the JA DEMO. The DEMO is
characterized with a somewhat large major radius R, of
8.5 m for volt-second supply for operational flexibility,
and low fusion power Pg, of 1.5 to 2 GW for divertor
heat removal. The main design parameters of the JA
DEMO for P;, = 1.42 GW are listed in Table 1. The
thermal power extracted from the DEMO as pressurized
water of ~300°C is 1879 MW (Ref. 13), with the

2015 2020

Requirements ® ITER-sized

® Electricity beyond

for DEMO e GW-level electricity several 100s of MW
H
,
Rp=565m i
Prs = 2.95 GW i JA DEMO
Lesson learned E
Difficulty of divertor _} R,=8.5m
heat removal Pus=1.5-2GW
Demo-CREST
By =738 o Ps.s lowered for feasibility

Prys =1.26 - 3.2 GW
\‘/ e

Both concepts aimed at P;,s ~3 GW

Fig. 1. Evolution of DEMO designs in Japan.
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Fig. 2. Conceptual view of the JA DEMO.
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consideration of energy multiplication in the in-vessel
components (IVCs) being anticipated to generate about
630 MW of gross electricity.'® The preliminary estimate
indicates the net electricity production exceeding 300 MW.
The central solenoid provides a poloidal flux (volt-second)
of more than 400 Wb by bipolar flux swing, allowing
electric power generation in power-up phase planned in
early deuterium-trittum operation albeit pulsed and low
power. Due to the relatively low Py, design, the required
plasma electron density #, is as low as n, = 0.66 X 102 m3,
which is the same as that in ITER. An important question
on such a low n, design is whether or not plasma detach-
ment is possible. The divertor simulation in Sec. IV indi-
cates a feasibility of plasma detachment and divertor heat
removal in the design parameters. The average neutron
wall load (NWL) is 1 MW/m?, and the peak NWL reaches
1.5 MW/m? on the outer midplane. The average NWL in
the divertor region is as low as 0.3 MW/m?® Table II
summarizes the design changes of DEMOs during the
past decade.
The timeline of DEMO development is as follows:

1. pre-conceptual design phase (up to around 2020)

2. conceptual design phase (around 2020 to 2025)
3. engineering design phase (around 2025 to 2035).

Since the DEMO development program is defined on
the premise of the success of ITER, the key years of the
program in the timeline will be subject to change in
accordance with the progress of ITER. The current
DEMO design is in the pre-conceptual design phase in
which the fundamental concept of DEMO with design con-
sistency is developed and the research and development
needs for DEMO are defined to start large- or plant-scale
development toward DEMO construction.

IV. DIVERTOR DESIGN

IV.A. Overview of Divertor Design

The current baseline design of the divertor is based on
(1) conventional single null divertor (SND) with a divertor
leg longer than ITER (1 m in the poloidal projection length
on ITER), (2) plasma detachment with impurity seeding,
and (3) ITER-like tungsten monoblock heat sink cooled by
pressurized water. Before reaching the baseline, various
approaches have been carried out as depicted in Fig. 3,
including the assessment of different divertor configura-
tions, divertor simulation, heat sink design, and the
consideration of remote maintenance (RM).

The assessment of divertor configurations encom-
passed (1) conventional SND with different divertor
legs, and (2) advanced divertor configurations such as
“super-X” (SXD) and “snowflake” (SFD). The former
approach is to facilitate plasma detachment by extending
the connection length of magnetic field lines in the diver-
tor, and the latter is to stretch the flux tubes of the
divertor leg and to reduce the heat flux on the divertor
target plate. Regarding divertor heat sink, the liquid
divertor is excluded from the divertor heat sink option.

TABLE I
Design Parameters of the JA DEMO
Major radius, R, (m) 8.5 Current drive power, Pcp (MW) 83.7
Minor radius, a (m) 242 Fusion gain, Q 17.5
Aspect ratio, 4 3.5 Electron density, n, (10°° m ) 0.66
Plasma elongation, Kos 1.65 Normalized density, n./ngy 1.2
Safety factor, gos 4.1 Ave. electron temp., <7,> (keV) 16.0
Plasma current, 1, (MA) 12.3 Confinement enhancement, HHy?2 1.31
Magnetic field on axis, By (T) 5.94 Normalized beta, By 34
Maximum field, B, (T) 13.7 Bootstrap fraction, fzg 0.61
Fusion power, P, (GW) 1.42 Average wall load, NWL (MW/m?) 1.0
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TABLE I

Design Changes During the Past Decade

Previous DEMOs (~2010)

Current DEMO (2018)

SlimCS/Demo-CREST

JA DEMO

Plasma major radius | 5.5to 7.25 m

8.5 m

Fusion output ~3 GW

1.5t 2 GW

SC magnet (TF coils) | NbzAl (B0 ~ 16 T)

Nb3Sn (B ~ 13 T)

Remote maintenance

Sector or large module transport using large ports

Banana segment and divertor cassette transport using
small port

Breeding blanket
Li4SiO,4, Be and Be,Ti pebbles

In-box LOCA not considered; layered packing of

In-box LOCA considered,;
full mixture packing of Li,TiO; and Be;,
V (Be;3Zr) pebbles

Divertor Single null; detachment;
water cooled W-monoblock;

RAFM cooling pipe

Same as before;
RAFM/Cu-alloy pipes

Baseline concept

e Long-leg SN (Lgy = 1.6m)
e Plasma detachment with impurity seeding
o ITER-like water-cooled heat sink

Divertor Remote
configurations Maintenance
Divertor
simulation
Fig. 3. Approaches to define the baseline divertor
concept.

Thus, a solid divertor target based on an extension of
ITER-like tungsten monoblock heat sink is considered to
be the only candidate for JA DEMO in light of engineer-
ing maturity.

A prime design issue on the divertor is to pursue
a solution for divertor heat removal under these
constraints, namely SND with the ITER-like tungsten
monoblock heat sink. When the heat sink is
a combination of CuCrZr cooling pipes and low
temperature water of about 200°C, the allowable heat
flux of the heat sink is 10 MW/m? or lower.
Accordingly, the peak heat flux on the divertor target
Gai’<* of 10 MW/m? or lower for Pss=15t0 2 GW
can be a solution for divertor heat removal. The basic
concept of divertor heat removal is power dissipation
by seeding impurity. Radiation due to Bremsstrahlung,
synchrotron, and line radiation from the core plasma

FUSION SCIENCE AND TECHNOLOGY - VOLUME 75 - JULY 2019

dissipates about 40% of the absorbed power of the
core plasma. Another 40% is dissipated in the scrape-
off-layer (SOL) and divertor (as a result, the total
radiation amounts to 80%), and eventually the
remaining power of 20% reaches the divertor,
satisfying ggn”* < 10 MW/m®. In order to find
solutions supporting the divertor concept, numerical
simulations with a SONIC code have been carried out
for more than a decade as described in Sec. IV.D. It is
remarkable that the situation of the simulations has
made progress so as to discuss a design window for
divertor heat removal that is more valuable than a few
design points.

IV.B. Divertor Configurations

Divertor geometry plays a determinant role in
reducing divertor heat flux. Different divertor configura-
tions illustrated in Fig. 4 were assessed for JA DEMO:

1. Conventional SND: A W-shaped SND with
vertical target plates adopted in ITER is efficient to
enhance particle recycling near the strike points and pro-
duce detached plasma. In the JA DEMO that handles 1.5
to 2 GW, which is three or four times higher power than
ITER, the long divertor leg L4;, of 1.6 to 2 m (ITER ~ 1 m)
in Fig. 4a was considered to facilitate plasma detachment
due to an extension of the divertor connection length. As
a result of divertor simulation, it is concluded that the SND
with even shorter L,, = 1.6 m, albeit longer than that of

@ANS
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(a) Conventional Single Null Div (SND)

DAY s

(b) Super X div (SXD) (c) Snowflake div (SFD)

inner
divertor

A u ;!
under divertor

Fig. 4. Divertor configurations considered for divertor
heat removal on the JA DEMO. (a) The conventional
single null divertor is selected as the baseline design
from various aspects of assessment.

ITER, can handle P;, = 1.5 to 2 GW (Ref. 17) and is
selected as the baseline of the divertor configuration.

2. Advanced divertor  configurations:  Another
approach for reducing the divertor heat load is a flux tube
expansion in the divertor with SXD or SFD configuration as
shown in Figs. 4b and 4c. An engineering challenge in such
configurations is a high magnetic field required for modify-
ing the field lines in the divertor region.
A magnetohydrodynamic equilibrium analysis for JA
DEMO indicates that high poloidal currents exceeding 100
MagaAmpere-turns (MAT) are required when the poloidal
field (PF) coils are arranged like conventional tokamak reac-
tors. Assuming that a square superconductor of 0.04 % 0.04 m
has a current density of 40 to 50 kA, the cross section of the
PF coil equivalent to 100 MAT becomes as large as 4 m?. The
problem could be resolved by means of inter-link winding in
which parts of PF coils are arranged near the divertor inside
the toroidal field (TF) coil bore to reduce the required
ampere-turns.'® Nevertheless, considerations on engineering
feasibility concluded the technology is too premature to adopt
as a possible divertor option. This is because the inter-link
winding has difficulties in in-situ winding, the low
alternating-current loss superconductor which is operative
under high field, and the assembly process of TF coils,
inter-linked PF coils and the vacuum vessel (VV)."® The
divertor simulation for SXD shows that a significant radiation
region is produced between the super-X null (second null
point) and the divertor target, and that the radiation loss in the
divertor increases, producing fully detached plasma

@ANS

efficiently.!” However, the resulting heat load to the divertor
is critical in light of an engineering constraint in that a
concentration of radiated power reaches 10 MW/m? on the
divertor target plate.

IV.C. Divertor Cassette Design

Divertor heat sink is designed to remove thermal
load with W-armored Cu alloy (CuCrZr) pipe
(~200°C cooling water) near the strike points and
reduce activation rerritic/martensitic (RAFM) steel
pipe (~300°C cooling water) in the other parts.*°
The design window on the operating temperature of
the Cu alloy and RAFM steel is set in the range of
200°C to 350°C and 280°C to 550°C, respectively,
considering the limits of material strength and ducti-
lity under the neutron irradiation environment.
Radiation damage [displacements per atom (dpa)] of
the Cu alloy and RAFM pipe is estimated to be in the
range of 0.3 to 2.3 and 1.5 to 6.7 dpa, respectively,
for a full-power-year (FPY) operation of the DEMO
at Ps, = 1.5 GW. The water condition for the Cu
alloy pipe is 200°C, 5 MPa, and 9.7 m/s in the inlet
and 231°C in the outlet, and the coolant condition for
the RAFM pipe is 250°C, 15 MPa, and about 4 m/s in
the inlet and 325°C in the outlet. The water condition
was determined to satisfy divertor heat removal and
the operating temperature window of the pipe
materials.

The VV should be made of stainless steel from the
aspect of fabrication in that stainless steel has an
advantage in thick welding required for the fabrication
of the VV. In addition, from the aspect that the VV is
a safety class component, which works as the first
barrier, it is reasonable to fabricate the VV with
stainless steel-based proven technology. Stainless steel
needs to be used in the environment where helium
embrittlement due to neutron irradiation is avoided.
For this purpose, the divertor cassette is required to
have a function of softening neutron spectrum much
lower than 1 MeV. The problem of previous divertor
cassette design was to satisfy such neutron shielding
without impairing vacuum pumping capability. The
updated design for the divertor cassette is depicted in
Fig. 5. The outer frame of the cassette is made of
0.2-m-thick RAFM steel with water cooling channel.
The pumping slot of the cassette is a labyrinthine
structure to meet a neutron irradiation of lower than
0.1 dpa/FPY on the inner VV surface.
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neutron shield

$59 mm

Cooling
channel

<>
200 mm

Fig. 5. Conceptual design of divertor cassette.

IV.D. Divertor Simulation Study

Numerical simulation is necessary to predict the
behavior of divertor plasma and to find probable
operation condition for divertor heat removal on
DEMO. For the application to DEMO, a SONIC
code®'>* has been developed so as to treat multiple
impurities seeding for plasma detachment in different
divertor geometries. Previous interest in the early
divertor simulation with the SONIC code was to find
a solution for satisfying ¢,;,”°** < 10 MW/m?>. Since
then, a lot of solutions have been obtained, and thus
our interest moves on to the design or operation
window for allowing divertor heat removal.

The simulation result of a parameter scan is shown in
Fig. 6, where the power inflow to the SOL, P, and
impurity (Ar) seed condition are changed for the baseline
divertor design.25 Here, Py, is given by P, = P, (1 = fraa
mainy with the input power to the main plasma P;, and the
radiation loss fraction in the main plasma £,,”*". Roughly
speaking, Py, ~ 250 MW and P,,, ~ 300 MW correspond
to Pgs ~ 1.5 GW and Pj,, ~ 2 GW, respectively. In the case
of the total radiation f,,, of ~80%, the design window
satisfying gg»7“* < 10 MW/m? is seen at the separatrix
density ng, of about 2 x 10" m™ or higher even for
Py, ~ 300 MW as well as Py, ~ 250 MW. The design
window of 7y, is reasonable in terms of plasma operation
in that n,.,, is about one-third of 7. In the region, the
impurity content nAt/ne is lower than 1% in the SOL. In
contrast, in the case of f,; ~ 70%, the design window
upshifts to ng, > 2.4 x 10" m ™3, which is unlikely as an
operation region because of high n,/n.. It is concluded
from the simulation that the design target for divertor heat
removal with Ar seeding is f,.,;~ 80% and n;,, ~ 2 % 10m™
or higher for the JA DEMO.

FUSION SCIENCE AND TECHNOLOGY - VOLUME 75 - JULY 2019
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Fig. 6. Divertor simulation for the baseline design. Py,
and f,,, represent the power inflow to the SOL and the
total radiation fraction, respectively.

V. BREEDING BLANKET

Since 2010, major and minor design updates on the
breeding blanket (BB) have been made several times. The
major updates are illustrated in Fig. 7. The initial BB
concept for SimCS (Fig. 7a) (Ref. 26) is a variation of
WCSB with supercritical water.”” The major problem of
the concept is the complexity of the BB interior. Figure 7b
is a BB concept aimed at simplifying the internal structure
and adopting a full mixture of neutron multiplier (Be;,Ti)
and tritium breeder (Li,TiOs) pebbles.”® As the prime
candidate for breeding material, Li,TiO; was selected
due to its good tritium release characteristic. Such a full
mixture of Be;,Ti and Li,TiO5 pebbles benefits the tritium
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(a) BB for SIimCS (2010

® NWL ~ 3 MW/m?
® Complex interior

Be plate_BeyTi/ Li,SiO, pebbles

Casing for Be

FW (RAFM)

Li,SiO, pebbles  Cooling pipe

&

N

02mm¢ 2mmé
Fig. 7. Evolution of BB concept.
breeding ratio (TBR) compared with a separated

arrangement of these pebbles with RAFM partitions. The
mixture ratio of the pebbles was determined to be Be,Ti:
Li,TiO; = 7:3 for the most efficient tritium production.
The current design study is concentrated on the BB
structure to withstand the inner pressure load due to
a break of cooling pipe inside the BB in case of an “in-
box” loss-of-coolant accident (LOCA) due to a break of
cooling pipe.?’ In order to withstand an inner pressure of
17.2 MPa due to an in-box LOCA, the BB module needs
to be divided into 0.1 x 0.1-m-wide cells with 0.015-
m-thick ribs as seen in Fig. 7c. The main specifications of
the BB concept are listed in Table III. In the design, the
neutron multiplier is replaced by Be;;V or Bej3Zr
because of advantages in the fabrication process and
chemical stability. The previous design adopted beryllide
pebbles (Be;,Ti) granulated with discharge between

TABLE III

Main Specifications of the Current BB Design

(b) BB for JA DEMO (2014)
® NWL ~ 1 MW/m?
® Simplified interior
with mixing pebbles

Structural material RAFM (F82H)

Coolant Pressurized water (290°C to

325°C), 15.5 MPa

Be,V or BejsZr pebbles (2 mm
in diameter)

Neutron multiplier

Tritium breeder Li,TiO; (0.2 mm in diameter),

90% enrichment of °Li

Packing Full mixture of Be 1,V (70%)

and Li,TiO5 pebbles (30%)

Dimension of BB casing | Typically, 1.44 m (width) x

0.73 m (height) x 0.6 m (depth)

Rib 15 mm thick, with water cooling

channels (7%)

@ANS

(c) Present BB (2018)

@ Updated for pressure tightness
against in-box LOCA

\-..4..
10.1m
%mixt re
—
Li,TiO5  Be,,V or BeysZr

0.2mmé 2mmé

a tungsten electrode and a rotating beryllide one.>® The
problem of Be,Ti was that the compositional structure
changes by peritectic reaction during cooling and the fact
that the pebbles contain Be;;Ti, of 55% and Be of 11%.
Such inhomogeneous composition is resolved by vacuum
annealing, producing Be,Ti single-phase.®’ In contrast,
Be,V and Be3Zr do not require homogenization treat-
ment. In addition, Be;,V and Be;3Zr have more excellent
oxidation resistance than Be;,Ti and show lower H,
generation with water vapor,>*>* which is advantageous
in terms of safety.

The problem of the BB concept with rib structure is a
reduction in the volume fraction of breeder, being only
68% for the case of Fig. 7c. The anticipated TBR is as
low as 1.02. In order to overcome the problem,
a honeycomb-shaped rib structure (Fig. 8) is presently
under study.?® The fraction of breeder volume increases
up to 77% in this design and the resulting TBR is esti-
mated to be 1.07. The fabrication of these rib structures is
based on the premise of the development of reliable hot
isostatic pressing and its inspection technology on joint
surfaces. Continuing efforts are being made to attain
higher TBR by maximizing BB coverage and BB thick-
ness or replacing the coolant from light water to heavy
water.

VI. SUPERCONDUCTING MAGNETS

Since DEMO requires a high field exceeding 13 T and
larger plasma volume than ITER, the magnetic energy of
the TF coils becomes tremendously large. Considering the
high field and stress acting in the coils, Nbs;Al was origin-
ally the prime conductor option due to a high operation
current in high field and less susceptibility of the operation
current to a strain. Actually, SIimCS and Demo-CREST
adopted the Nbs;Al conductor for TF coils to attain the
maximum field of about 16 T. Hence, throughout the
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Coolant pipe

e

Blanket surface

Honeycomb-shaped rib

Fig. 8. Ongoing BB design with honeycomb-shaped rib
structure.

design study of the JA DEMO with a TF coil design code
named SCONE (Ref. 34), it was found that, for a larger R,
(>8m) design, the attainable B,,,, is limited to ~13 T and
that an advantage for reaching higher B,,,, is dramatically
reduced as shown in Fig. 9. In Fig. 9, it should also be
noted that the design stress S, has a large impact on the
high field TF coil design and that an increase of S, from
670 MPa (used in ITER) to 800 MPa leads to a B,,,.
increment of 1 T. Based on the result, the JA DEMO
adopted S,, = 800 MPa.

Figure 10 illustrates the plasma cross section and
TF coils of DEMO and ITER. A comparison of the
design parameters of the TF coils between DEMO and
ITER is given in Table IV. Considering the high field

17 T T T
Sm(MPa)| 670 800
16 - NbsAl | A | A |
® O
7~
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£
o
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Fig. 9. B, for Nb3Sn and Nb;Al as a function of R,,.
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Fig. 10. Comparison of (a) plasma size and (b) TF coil
size between DEMO and ITER.

TABLE IV

Comparison of TF Coils Between the JA DEMO and ITER

JA DEMO ITER
Conductor NbsSn NbzSn
Number of TF coils 16 18
Maximum field 137 T 11.8 T
Total magnetic energy 149 GJ 41 GJ
MAT in all TF coils 255 MAT 164 MAT
Conductor current 83 kA 68 kA
Operation temperature 5K 5K
Design stress 800 MPa 670 MPa
Weight of TF coils 11 800 tonne 5362 tonne

and stress acting in the coils, Nb3Al was originally the
prime conductor option due to its less susceptibility of
the operation current to a strain. However, Fig. 9 shows
that a difference in B,,,, between NbzSn and NbsAl
becomes small and that the difference is smaller than
0.3 T for R, > 8 m. Considering this result and the
technical maturity of NbzSn, JA DEMO has adopted
Nb;Sn as the prime superconductor (SC) option.’
A cryogenic steel qualified for the DEMO TF coil
structure with §,, = 800 MPa needs to show S, of
well above 1200 MPa since §,, = 2S,/3, where S,
represents the 0.2% yield strength. Unfortunately, exist-
ing cryogenic steels such as JJ1 (Ref. 36) do not
sufficiently satisfy the requirement. Under the
circumstances, Japan plans to explore more strength-
ened cryogenic steels for DEMO. The leading devel-
opment plan for the cryogenic steels is to optimize
N and V content in existing steels such as JNI,
SUS317J2, and XM-19.
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Vil. REMOTE MAINTENANCE

Obviously, RM is a major technical challenge in
DEMO. Under the extremely high radiation environ-
ment, one has to periodically replace IVCs with
remote handling (RH) equipment. In addition, the
reliability and time required for the replacement will
offer a key test of measuring the future potential of
a fusion power plant. From the point of view of
reactor design, the RM scheme is closely coupled
with tokamak architecture in that it provides boundary
conditions on the segmentation of IVCs, port size and
port arrangement, and SC coil arrangement, etc. On
a conceptual design level, various RM schemes can be
planned, and actually, a lot of concepts have been
assessed.

When Japan worked on compact reactor concepts,
sector transport maintenance was the prime option.>’~
The distinctive advantages of sector transport are
a reduced number of cutting and rewelding points and
poloidal ring structure resisting electromagnetic and
thermal deformations. The scheme seems to be attractive
when the reactor size is small. However, when R,
increases up to 8 m or larger, the problem of how to
transport gigantic and massive sectors safely becomes
critical. In the JA DEMO, a banana segment and divertor
cassette maintenance scheme were selected as a result of
considerations of a variety of RM concepts.*”** The ten-
tative foreseen replacement frequency of BB segments and
divertor cassettes is about 4 to 5 years and 1 to 2 years,
respectively. Part of divertor heat sink is composed of Cu-
alloy cooling pipe with tungsten monoblock armor.'” The
radiation damage of Cu-alloy will require the frequent
replacement of divertor cassettes, compared with BB seg-
ments made of RAFM steel.

Back-plate
~N RH equipment

BB module _
\%

BB segment N

Cryostat

=
Divertor cassette

Fig. 11. (a) IVCs (BB segment and divertor cassette)
removed in periodic replacement, and (b) RH equipment
to transport the BB segment.
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The latest RM concept is depicted in Fig. 11. The BB
segment and divertor cassette are removed from the
vertical and lower port located between every
neighboring TF coil, respectively. The removal and
transport of the BB segment requires relatively complex
movements for RH equipment. The recent design on RM
is devoted to a detailed design of RH equipment,
including component fixation and pipe connections.*

Viil. STORAGE OF RADIOACTIVE MATERIALS

The periodic replacement of IVCs anticipated in
DEMO generates a large amount of radioactive materials.
In the JA DEMO, BB modules and divertor cassettes are
replaced every several years and every few years,
respectively. All these IVCs are highly activated
radioactive materials at least in 10 to 20 years after
unloading from the reactor, and they need to be cooled
down in temporal storage before disassembling. Figure 12
shows the contact dose rate of the IVCs after shutdown of
operation, indicating that the dose rate of BB is as high as
100 and 10 Gy/h at 6 and 16 years after operation
shutdown.** Assuming that RH equipment is operative at
the dose rate of the order of 10 Gy/h or lower, the used
BBs need to be cooled down for about 10 years in tem-
poral storage. The initial assessment of temporal storage
was as huge as 38 200 m? to store four full sets of the used
BB segments on a safety-side design when the used BB
segments are grouped into 22.5-deg assemblies to keep the
assemblies in rows with gamma-ray shielding on lateral
sides. Since the assessment, the waste management
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Fig. 12. Contact dose rate after operation shutdown.
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strategy for downsizing the waste storage has been
recognized as a challenge for DEMO.

A clue to downsizing the waste storage was proposed in
Ref. 45. The idea is to store the used BB segments as they
were in the VV where highly activated BB modules are
arranged opposite each other around the central axis of the
torus and the BB back plates play the role of radiation shield
as well as BB support structure. The updated design based
on the concept is shown in Fig. 13, where the used BB
segments are arranged in the torus, dramatically reducing
the area to 14 950 m? corresponding to 40% of the original
design. In the latest design, residual heat concentrated in the

(a) Initial design 38,200 m?

(HINIEDE

Back-plate

CETRT I g

Assembly of BB
segments

I
130 m

—— >

115 m
Fig. 13. Arrangement of the used BB segments for
temporal waste storage: (a) initial design and (b) latest
design.

core is removed by forced cooling. The total residual heat
for such a torus assembly is 2, 0.5, and 0.1 MW in 1 month,
1 year, and 4.5 years after shutdown, respectively. Figure 14
is a cut-away view of the tokamak building including waste-
related facilities. Temporal storage for the used BB seg-
ments, temporal storage for the divertor cassettes, and
interim waste storage for disposal are located in different
floors to intensively arrange these waste-related facilities.

IX. SUMMARY

The design evolution on the JA DEMO during the
past decade is outlined in this paper to characterize
Japan’s approach to critical DEMO design issues. The
policy change of a DEMO target to lower power had
a large impact on the DEMO conceptual design study
during the past decade, leading to design changes in
various aspects. Some of the changes are consequences
of vigorous efforts to resolve puzzling design issues. The
changes are summarized as follows:

1. The latest results of the conceptual design study
throughout the evolution are summarized as the following:
(1) baseline divertor concept is conventional SND with
a divertor leg longer than ITER, (2) plasma detachment
with impurity seeding, and (3) ITER-like tungsten
monoblock heat sink cooled by pressurized water. The recent
divertor simulation with the SONIC code indicates that the
design requirement for the concept of ¢;,”*** < 10 MW/m?
can be attained at f,,; ~ 80% and n,, ~ 2 x 10 m > or higher
for the JA DEMO with Pg, 1.5 to 2 GW.

2. The recent BB design based on the WCSB concept
focuses on a simplified internal structure and pressure
tightness against in-box LOCA. The full mixture of
beryllide (Be;,V or Be3Zr) and Li,TiO3 pebbles inside

Temporal storage for

DEMO reactor

used BB segments

Temporal storage for
used divertor cassettes

Fig. 14. Cut-away view of waste-related facilities.
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the BB casing with rib structure can satisfy these
requirements, albeit with a marginal TBR for self-
sufficient fuel production.

3. The prime SC option of TF coils is NbsSn.
A critical requirement for the TF coil design is design
stress which is determined to be 800 MPa, and which is
larger than ITER (S, = 667 2As a result of considerations
of a variety of RM concepts, the JA DEMO has adopted
a banana segment and divertor cassette maintenance
scheme using vertical and lower maintenance ports. The
RM scheme has a lot of technical challenges to be
resolved especially in RH equipment.

4. The radioactive IVCs generated from periodic
replacement need to be cooled down in temporal storage
before disassembling. Downsizing temporal storage will
be a significate issue in the design of the waste-related
facility. The arrangement of the used BB segments in the
torus dramatically reduces the area of temporal storage.
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