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A B S T R A C T   

This article describes the DEMO cryostat, the vacuum vessel, and the tokamak building as well as the system 
configurations to integrate the main in-vessel components and auxiliary systems developed during the Pre- 
Conceptual Design Phase. 

The vacuum vessel is the primary component for radiation shielding and containment of tritium and other 
radioactive material. Various systems required to operate the plasma are integrated in its ports. The vessel 
together with the external magnetic coils is located inside the even larger cryostat that has the primary function 
to provide a vacuum to enable the operation of the superconducting coils in cryogenic condition. The cryostat is 
surrounded by a thick concrete structure: the bioshield. It protects the external areas from neutron and gamma 
radiation emitted from the tokamak. The tokamak building layout is aligned with the VV ports implementing 
floors and separate rooms, so-called port cells, that can be sealed to provide a secondary confinement when a port 
is opened during in-vessel maintenance. 

The ports of the torus-shaped VV have to allow for the replacement of in-vessel components but also incor-
porate plasma limiters and auxiliary heating and diagnostic systems. The divertor is replaced through horizontal 
ports at the lower level, the breeding blanket (BB) through upper vertical ports. The pipe work of these in-vessel 
components is also routed through these ports. To facilitate the vertical replacement of the BB, it is divided into 
large vertical segments. Their mechanical support during operation relies on vertically clamping them inside the 
vacuum vessel by a combination of obstructed thermal expansion and radial pre-compression due to the ferro-
magnetic force acting on the breeding blanket structural material in the toroidal magnetic field.   

1. Introduction 

The EU fusion roadmap [1] foresees the development of the 
Demonstration Fusion Power Plant (DEMO) in Europe to follow ITER. 
The first DEMO development phase, the Pre-Conceptual Design (PCD) 
Phase, has recently been concluded proposing a tokamak machine 
around a plasma with a major radius of ~9 m and a fusion power of 
~2000 MW [2]. The inter-dependency of the design of one system on the 
requirements of other systems had early been recognized. The PCD 

Phase had consequently been focused on an integrated design approach 
to define a tokamak and plant configuration suitable to meet the main 
goals of DEMO [3]: (i) production of few hundred MWs of net electricity, 
(ii) tritium self-sufficiency, (iii) adequate availability, (iv) minimization 
of activation waste, and (v) testing of key technologies for future fusion 
power plants [2]. 

The basic design of the containment structures, i.e. vacuum vessel 
(VV), cryostat and tokamak building, must enable the integration of the 
various tokamak and plant systems and at the same time ensure the 
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safety of the plant. 
The cryostat, see Section 2, is a large vacuum chamber that contains 

and mechanically supports the tokamak. It has large openings that 
correspond to the VV ports. These are connected to the cryostat by large 
metallic bellows. 

The VV, see Section 3, is fundamental to the design of the tokamak. It 
affects the electromagnetic (EM) control of the plasma and is also the 
support structure that allows the installation and precise alignment of 
the in-vessel components (IVCs), [12]. It must withstand extremely large 
EM loads. The configuration of the VV ports, i.e. their location and size 
in-between the magnetic coils, must be suitable to permit the installa-
tion of various auxiliary systems required to operate and control the 
plasma and also to enable the replacement of the IVCs. 

The tokamak building, see Section 4, includes outside the cryostat 
the cylindrical ~2 m thick bioshield made of concrete that protects the 
building areas from neutron and gamma radiation. The external walls of 
the tokamak building are the ultimate boundary to the environment for 
radiation hazards. 

In the early design phase of DEMO the approach taken in ITER has 
been adopted where the VV provides primary and the building structure 
provides secondary confinement [4]. However, it is planned to investi-
gate also an alternative in the future, i.e. to transfer the function to 
confine the radioactive material inside the VV from the VV to the 
cryostat. While the VV would then be relieved from stringent quality 
assurance requirements such as regular in-service inspections, the 
cryostat would need to be constructed following the rigorous rules 
defined in design codes such as those for fission reactor pressure vessels, 
e.g. RCC-MR. 

The configuration of the IVCs incl. the port plugs was defined such 
that the DEMO goals can be reached but also aiming at their relevance 
for future fusion power plants:  

• The impact areas on the plasma-facing wall of charged particles are 
controlled and limited. Plasma limiters are installed in discrete lo-
cations and protect the wall of the breeding blanket (BB) and of the 
heating and diagnostic systems [5]. The divertor targets, which are 
subject to very high particle loads and susceptible to failure are 
mounted to cassettes that can be well accessed and replaced through 
the lower ports, see section 5.  

• The BB is divided into large vertical segments that can be removed 
through the large upper ports in a reasonably short plant downtime, 
see Section 6. Their mechanical supports were devised minimizing 
the remote handling (RH) operations required for their engagement 
and release, see Section 8. Thus it was possible to avoid operating RH 
tools in front of the highly activated plasma-facing components for 
BB replacement [6, 8].  

• The auxiliary systems are predominantly installed in the equatorial 
ports with minimum obstruction to the port closure plate and good 
access to the fixations of the port plug, see section 7. 

Two concepts of the BB were pursued in the PCD Phase, the water- 
cooled lithium lead (WCLL) and the helium-cooled pebble bed 
(HCPB). However, the design and configuration of all other tokamak 
components with exception of the BB service pipes is independent of the 
BB concept. 

2. Cryostat 

2.1. Main functions and configuration 

The cryostat provides a vacuum environment to avoid heat transfer 
by gas conduction and convection to the superconducting coils and the 
thermal shields. To withstand the external pressure it is cylindrical and 
has a top lid roughly shaped like a torispherical head, see Fig. 2. As it is 
not actively cooled or heated its temperature is close to ambient. A 
massive ring structure, the pedestal ring, is integrated in the lower part 

of the cryostat and supports the tokamak, providing a safety-important 
function. These parts of the cryostat are therefore designed in accor-
dance with nuclear codes while the majority of the cryostat is designed 
as a conventional vacuum vessel. 

Large openings provide access for maintenance inside the cryostat 
and to the VV ports. The port ducts are connected to the cryostat by large 
metallic bellows to compensate relative displacements and to segregate 
the port cells from each other, see Section 4. In addition several pene-
trations are integrated into the cryostat for the magnet feeders, the 
cooling pipes for VV and thermal shields, the cryostat vacuum pumps, 
and in-cryostat diagnostic systems. Large leaks of cryogenic helium have 
the potential to cause an internal over-pressurization, which is intended 
to be limited to 1.5 bar either by a suitable layout of the cryogenic 
system or by the implementation of a cryostat venting and overpressure 
protection system, e.g. remotely operated vacuum valves. The cryostat 
cylinder may therefore require supports against lifting forces. 

2.2. Design concept 

The cryostat concept described here is an ITER-like self-supported 
vacuum chamber [9, 10] that also transfers the tokamak weight verti-
cally into the concrete crown on the building basemat and – in case of a 
seismic event – horizontally to the bioshield. A different, 
non-self-supported concept of the cryostat was also developed and is 
described in [11]. There, the bioshield supports the cryostat main cyl-
inder and top lid. This would allow a substantial reduction of the amount 
of steel in these components. However, in case the first confinement 
function was assigned to the cryostat, the bioshield and the bioshield 
roof would also need to be classified as safety-important class 1 (SIC-1) 
components. The consequent cost increase might outweigh the cost 
saving achieved with the lighter non-self-supported cryostat. 

2.3. Design 

The cryostat base section is a cylindrical extension below the 
pedestal ring with reduced diameter. It allows the integration of the 
magnet feeders. For the bottom lid a flat double-wall structure rather 
than a dome-shape has been chosen to reduce the vertical space 
requirement. The pedestal ring has a rectangular cross-section of ~1.5 
m × 1.5 m. Its lower plate is the pressure boundary and so the tokamak 
support structures will be fixed to the upper plate using bolts and nuts. 
The skirt with a thickness of 100 mm extends the pedestal ring radially 
to transfer sideways loads acting on the tokamak to the bioshield. For 
this purpose large shear keys are welded to the skirt that are engaged in 
corresponding recesses in the bioshield to transfer toroidal or lateral 
forces, see ITER cryostat design [9]. 

The main cylinder is a welded structure made of 55 mm thick steel 
plates that are reinforced by T-stiffeners to avoid buckling. Large cut- 
outs in the main cylinder allow access to the VV ports, which are con-
nected to the cryostat by metallic bellows. The main cylinder rests on a 
radial extension of the bioshield on vertical supports that are equally 
distributed along the circumference supporting the weight of the main 
cylinder and the top lid as well as the pressure acting on the top lid, see 
Fig. 2. 

The top lid consists of a dome-shaped shell supported by 16 radial 
girders that are joined in the center to two large ring structures. Large 
trapezoidal openings allow access to the VV upper ports but at the same 
time considerably reduce the membrane stiffness of the dome. The two 
massive ring structures, each with a cross-section of ~0.2m2, effectively 
oppose radial contraction and hence enable the girders to reduce the 
vertical deflection of the top lid due to the external pressure. The 
shallow dome shape with reinforcing girders was chosen as it matches 
the available space between the bioshield roof (see Section 4) and the VV 
upper ports, see Fig. 8. The compact design of the upper part of the 
tokamak reduces the distance between the bioshield roof and the 
tokamak machine and facilitates the upper port maintenance. 

C. Bachmann et al.                                                                                                                                                                                                                             



Fusion Engineering and Design xxx (xxxx) xxx

3

3. Vacuum vessel 

3.1. Functions and basic design 

The VV is a double-shell welded structure made of austenitic steels 
316L(N)-IG and XM-19. Each of its sectors integrate one lower hori-
zontal port (Section 5), one upper vertical port (Section 6), and one 
equatorial port (Section 7). Within most of these ports removable port 
plugs are integrated via bolted flanges. In the inner shell of the VV the 
support structures for the IVCs are implemented (Section 8), see Fig. 4. 

Table 1. 
The VV enables the ultra-high vacuum conditions required to operate 

the plasma (<10− 5 Pa). In DEMO, the main function of the blanket is to 
breed tritium rather than to shield neutrons. In fact, the BB reduces the 
neutron flux by approximately one order of magnitude only [7]. In order 
to provide adequate neutron shielding to the superconducting coils the 
VV further reduces the neutron flux by approximately 5 orders of 
magnitude [8]. For this purpose steel plates are stacked into the inter-
space of the double-wall structure, see Fig. 3. The heat generated in the 
VV during plasma operation by the absorption of neutrons is removed by 
an active cooling water loop. In case of severe accidents this also serves 
as the decay heat removal system. Table 2 provides an overview of the 
main VV parameters as defined in the DEMO PCD Phase. 

Being a toroidally continuous conductive structure in proximity of 
the plasma the VV provides a degree of passive stability to the plasma. 
Since the toroidal continuity is interrupted by the VV ports the inner 
shell above and below the equatorial ports is particularly important in 
this respect. 

The VV functions as the first confinement barrier for the activated 
dust and tritium inside. For this reason and for the relative pressure 
being >0.5 bar it is subject to nuclear regulation and designed as nuclear 
pressure equipment. 

A more comprehensive summary of the functions of the VV is pro-
vided in [12]. 

3.2. Material selection 

As in ITER [14, 15] and other fusion devices e.g. K-STAR [16] and 
W-7X [17], austenitic steels were chosen for the structural parts of the 
VV for their good mechanical properties and good weldability. The 
degradation of their mechanical properties due to the high neutron 
fluence in DEMO remains negligible up to at least 2.75 dpa [8, 18]. 

At the same time it is recognized that the high nickel content of 
austenitic steels leads to the generation of long-lived isotopes, in 
particular in the inner shell and parts of the ribs. Considering today’s 
waste classification criteria these parts will require storage in interme-
diate level waste depositories for several hundred years. This makes the 
VV a major contributor to the overall DEMO activation waste [19]. 
Consequently, efforts were made to reduce the amount of activation 
waste stemming from the VV: (i) the inner shell thickness was reduced 
from 60 mm to 32/36 mm (inboard/outboard) and (ii) EUROFER [20] 
instead of austenitic steel is used for those in-wall shielding plates 
behind the inner shell that are subject to high neutron fluence, see Fig. 3. 

The drive to improve the waste prospects of the DEMO VV has led to 
further consideration of the use of non-austenitic steels. It was 

concluded however that the irradiation resistance of ferritic steels (~0.1 
dpa [21]) is insufficient. Ferritic-martensitic steels such as EUROFER 
have poor machining, poor forming and poor welding characteristics. 
Particularly the need for post-weld heat treatments at 760–800 ◦C makes 
EUROFER unsuitable for the fabrication of a complex and large DEMO 
VV sector and especially for the assembly welds in the tokamak pit. 

3.3. Design and fabrication 

The following aspects were considered in the development of the 
DEMO VV design: Small shape tolerances, fabrication and qualification, 
assembly, in-service inspection, loads, neutron shielding and cost: 

The VV is toroidally divided into sectors, each corresponding to one 
toroidal field (TF) coil. Consequently, the VV ports are located on the 
sector field joints where the sectors are joined during tokamak assembly 
by welded splice plates that compensate tolerances. Into the double-wall 
structure of each sector the port stubs are implemented. After assembly 
of the VV sectors with the TF coils the ports are welded to the port stubs 
in the tokamak pit, see Fig. 4. Should an assembly crane with greater 
load capacity be available, larger VV sectors should be considered to 
reduce the number splice plates, e.g. as in ITER corresponding to two TF 
coils. 

No plates with double-curvature or 3D-formed parts are foreseen. 
Instead the VV is toroidally segmented, the inner shell based on the BB 
segments, the outer shell based on the TF coils. Bending moments arising 
on the inboard wall can be sustained as the toroidal ribs resist shearing 
forces between the two shells. 

The VV must be manufactured to very tight tolerances requirements 
to allow precise installation of the IVCs and port plugs. In order to 
reduce weld shrinkage narrow-gap TIG is foreseen as the primary 
welding technology. In addition, each VV sector is foreseen to be man-
ufactured in the following sequence: First the entire inner shell, second 
the ribs, third the outer shell and last the port stubs. The continuous 
control of the shape deviations throughout this process is expected to 
allow to some degree their correction in subsequent fabrication steps, 
ultimately achieving shape tolerances of approximately ±20–30 mm. As 
a drawback the industrial capability for parallel manufacturing of such 
large VV sectors can be expected to be limited also at a future time when 
DEMO might be constructed. 

In-service inspection of the VV welds, as required by relevant nuclear 
design codes, is a considerable challenge not only due to the residual 
gamma radiation but in particular due to the poor accessibility of the VV 
shells. The presence of the IVCs means that access to the inner shell from 
inside the VV is possible only during their replacement. A few tens of 
centimeters of space between the VV outer shell and the VV thermal 
shield could be provided on the outboard side. On the inboard side 
however, the cost of space is prohibitive since the tokamak is built as 
compactly as possible to allow the operation of the plasma in as high a 
toroidal field as possible [22]. Consequently, welds in the inner and 
outer shells on the inboard wall are avoided as far as possible making 
them of single large sheets. Therefore, residual stresses after fabrication 
and assembly due to the welding process are reduced or even avoided in 
these large sections of the VV shells. Hence in the first load cycle, the 
stresses generated will be in the elastic range of the material that will 

Table 1 
Cryostat parameters.  

Pressure (abs.) inside/outside 
OperationAccident 

10− 4 Pa / 1 bar <1.5 bar / 1 bar 

Temperature 20–30 ◦C 
Material 316L(N) 
Mass Diameter Height Free volume ~6000 tons ~40 m ~36 m 

~27,000 m3 

Plate thicknesses Main cylinder Top lid Skirt 
Pedestal ring 

55 mm 70 mm 100 mm 200 mm  

Table 2 
Vacuum vessel parameters.  

Design pressure (abs.), Cat. III/IV 1.5 / 2.0 bar 
Coolant pressure plasma operation baking 11 bar 21 bar 
Operating temperature [13] plasma operation 

(inlet/outlet) baking 
40/60 ◦C 180 ◦C 

Heat generation (WCLL / HCPB) plasma operation 1 
month after shutdown 

8/45 MW 0.6 / 4 kW 

Material (inner/outer shell, ribs) inboard outboard XM-19 316L(N)-IG 
Plate thicknesses inboard (inner/outer shell) outboard 

ribs (inboard/outboard) ribs behind BB supports 
32/42 mm 36 mm 25/30 
mm 60 mm  
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therefore not undergo plastic deformation, which would affect the 
alignment of the plasma-facing wall. 

The inboard wall is the highest loaded part of the DEMO VV. Large 
radial pressure occurs due to the ferromagnetic force acting on the IVCs 
and in addition during a fast discharge of the TF coils (TFCFD) due to 
induced poloidal currents [6]. In fact, the time constant of the fast 
discharge should be larger than ~15 s to avoid unsustainable EM loads 
in the VV. The high strength steel XM-19 is used for strengthening the 
inboard wall, which allowed reducing the thickness of the VV shells. 
Secondly, toroidal rather than poloidal ribs are incorporated between 
the two shells. Both measures do not reduce the electrical resistivity in 
poloidal direction and therefore do not increase the EM loads during a 
TFCFD. 

To provide good accessibility to the assembly welds on the outer 
shell splice plates the inner shell splice plate on the inboard has a width 
of 500 mm (see Fig. 4). After the outer shell splice plate has been welded 
during assembly the toroidal ribs in the inboard field joint area are 
welded to the outer shell and the poloidal gussets. The inner shell splice 
plate will be welded as in ITER to the inner shell only. 

3.4. Verification 

Primarily two loads drive the design of the VV: (i) the required 
thickness of the shells is defined by the radial pressure on the inboard 
wall that is most significant during a TFCFD, and (ii) the spacing of the 
ribs is defined by the coolant pressure during baking. The VV design has 
been verified against these load conditions using a finite element model 
of one sector. Elastoplastic analyses were carried out according to the 
criteria defined in RCC-MR. Considering dead weight, coolant pressure, 
interface loads on the IVCs supports and the loads due to a TFCFD with 
only 15 s discharge time constant it was found that the VV inboard wall 
meets the criteria (with a small margin of 8%), which demonstrates in 
general the adequate load bearing capacity of this early design concept. 
The high elastic membrane stresses that occur in this load case are 
shown in Fig. 5. 

The large net loads that occur during downward vertical displace-
ment events (VDEs) are of lower significance as compared to ITER where 
the vertical reaction forces on the VV supports can increase by more than 
a factor of 2 due to VDEs [23]. VDE loads are less significant to the 
design of the DEMO VV since the dead weight is much larger due to the 
high mass of the BB, in particular if lead is used as the neutron multi-
plier. The vertical loads on the DEMO VV supports are assessed in [24] 
and the lower ports were found suitable to support the VV. 

It is expected that local reinforcements will be required at some of 
the IVC supports and where the port stubs are integrated into the main 
VV body. 

4. Tokamak complex building 

4.1. Overview 

The DEMO tokamak complex currently consists of three buildings: 
the tokamak building, the tritium building and the diagnostic building, 
see Fig. 6. It is a large reinforced concrete structure with dimensions of 
approx. 141 m × 98 m × 90 m and is described in [25]. The complex 
shares a common rectangular basemat to minimize relative vertical 
displacements and to install seismic isolators between the ground and 
the building as in ITER [27]. As the DEMO site has not yet been selected 
the seismic spectrum of the ITER Cadarache site is used as the design 
basis [26]. The seismic isolators reduce significantly the seismic loads to 
be considered in the design of the systems and components inside the 
tokamak complex. The floor of the heating neutral beam (HNB) cell was 
defined at ground level to simplify the installation of the heavy HNB 
vessel without a lifting operation and to limit the height of the assembly 
hall. 

The tokamak complex is the second and ultimate boundary to the 

environment for radiation hazards. Also the diagnostic building is 
defined as a confinement barrier to avoid the classification of the 
numerous penetrations between the two buildings as confinement 
penetrations. 

4.2. Tokamak building 

The tokamak building houses the tokamak and numerous plant sys-
tems. It is designed to permit assembly and operation of the DEMO 
tokamak with 16 sectors, each with radial ports at three building floor 
levels and one vertical upper port. The general architectural structure is 
arranged around the tokamak implementing a cylindrical bioshield with 
2 m wall thickness around the cryostat. 

The general arrangement of the building follows the levels of the 
machine ports, see Fig. 7. The upper and lower pipe chases are arranged 
with the upper and lower port annexes. Two levels are defined with the 
lower and equatorial ports. The vertical upper port connects the ma-
chine to the maintenance hall to allow for the blanket replacement. 
There are also two intermediate levels in the tokamak building, the 
upper feeder and the Q-level. They have no access to the tokamak ma-
chine via VV ports and are therefore better protected from neutron and 
gamma radiation. These levels are dedicated to magnet & thermal shield 
feeders and allow the installation of cubicles or other radiation sensitive 
equipment. The concrete dome above the maintenance hall is resistant 
to a potential airplane crash. It is also the ultimate confinement barrier 
and provides radiation shielding to the environment during in-vessel 
maintenance from the top → skyshine [28]. 

In-vessel maintenance through any VV port is carried out from 
within a sealed port cell the volume of which is under tritium control, 
see Fig. 6. 

Three types of vertical shafts are implemented inside the tokamak 
building with dedicated purposes:  

• The activated cooling water of the divertor & limiter cooling systems 
containing 16N, 17N isotopes is vertically routed between the cryostat 
and the 2 m thick bioshield making use of its shielding function.  

• Port cell vertical shafts containing pipework running from the lower 
to the upper pipe chase serving the port cell on the different levels.  

• Gallery vertical shafts in the peripheral areas of the building used to 
route cable traces and building services and a dedicated HVAC shaft. 

The roof of the bioshield is also the floor of the upper maintenance 
hall. It comprises a steel structure and concrete inserts that can be 
individually removed to provide access to the VV upper ports and into 
the cryostat for maintenance including the removal of the central sole-
noid, see Fig. 8. In the non-nuclear phase the bioshield roof can also be 
removed entirely by the overhead crane to access the tokamak for major 
repair works. 

5. Lower ports 

5.1. Overview 

The lower ports fulfill five main functions:  

i Provide access for divertor maintenance,  
ii Integrate the pipe work of the divertor and, if required, of the BB,  

iii Given the higher pressure of exhaust gasses below the divertor the 
torus vacuum pumps are hosted in some of the lower ports.  

iv The VV is supported via the lower ports on the cryostat pedestal ring.  
v Provide adequate neutron and radiation shielding to protect the 

superconducting coils and to permit man-access into the cryostat. 

It has not yet been decided whether all lower ports will be used to 
replace the divertor or if instead some will be dedicated to RH for that 
purpose and the vacuum pumps will be semi-permanently installed in 
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the remaining ports. Hence three types of lower port configurations are 
currently considered, see Table 3. 

5.2. Configuration 

The lower port size and shape are strongly driven by space con-
straints and technical requirements [25]. The necessary internal 
dimension of the port towards the vessel is defined by (i) the need to 
access the back surface of the IVCs to integrate the feeding pipes, (ii) the 
size of the divertor cassettes and their extraction kinematics considering 
also the necessary remote maintenance devices, which operate inside 
the port, (iii) the size of the torus vacuum pump unit considering also its 
RH scheme as well as the required free pumping path to the area behind 
the divertor. 

The space available for the lower ports is also constrained by the 
magnetic coils. In addition, to increase the volume of the outboard BB 
segment and hence its tritium breeding performance the DEMO lower 
port is inclined by ~20◦ unlike the ITER quasi-horizontal lower port, see 
Fig. 9. This inclination is defined by the relative vertical location of the 
inner divertor target with respect to the outer target, which depends on 
the lower triangularity of the plasma. 

In toroidal direction the available space for the lower port is limited 
by the inner edge of the TF coils. To maximize the internal space of the 
lower port the lateral port walls are tapered, see Fig. 10. Within the inner 
contour of the TF coils toward the VV there are conflicting requirements 
on the port walls: if the lateral port walls are parallel, this would allow 
for radial assembly of the complete lower port to the main VV; however, 
this does not allow for enough space to connect cooling pipes to the 
lateral divertors. A compromise solution that meets all requirements has 
not yet been defined. Vertical assembly of the lower port is not possible 
due to the presence of the toroidal field coil inter-coil structure above 
the port. 

5.3. Neutron and radiation shielding 

In DEMO the VV currently dominates the neutron shielding. The 
design of the lower port, being a penetration of the VV, is therefore 
critical for the provision of sufficient shielding against nuclear heating to 
the toroidal field coils. Also streaming of gamma radiation during 
shutdown from the activated IVCs to the port cell where man-access may 
be required must be limited by suitable shielding structures inside the 
lower port. Hence the following adaptations of the lower port design 
have been introduced: (i) reduction of the lower port inclination, (ii) 
increase of the port wall thicknesses, in particular that of the lower port 
floor, (iii) integration of shield blocks behind the divertor, (iv) intro-
duction of shield blocks in-between the TF coils below the divertor. 
While additional improvements are required to further reduce the 
shutdown dose rate (SDDR), the predicted level of nuclear heating in the 
superconducting coils is now sufficiently low [29]. 

The configuration of the DEMO lower port also separates the pipes 
carrying activated cooling water or lithium lead from areas foreseen for 
man-access during shutdown, in particular the lower port cell. This 
hazard piping is routed in the outer wall annex directly to the lower pipe 
chase below the lower port cell, see [30, 31] and Fig. 7. 

6. Upper ports 

6.1. Introduction 

Much different to the near-horizontal upper ports of ITER, DEMO’s 
upper ports (UPs) are completely vertical. They have to allow for the 
vertical movements of the BB segments during extraction and replace-
ment. This requires a considerable size, see Fig. 1. At the same time the 
space available for each upper port is restricted by adjacent PF and TF 
coils both in the radial and the toroidal direction [6]. Each of the 16 
upper ports provides access to five BB segments, the corresponding 

pipework and other in-port components of the respective vessel sector. 
More detail on the design approach and boundary conditions is given in 
[34]. 

6.1. Design input 

The basis of the UP configuration development is the DEMO 2017 
design baseline [8, 35], which has a single-null divertor configuration and 
integrates vertical BB segments. Thus the UP respects the space reser-
vations of the coils. The space reservations of the magnetic coils defined 
therein were respected in the development of the UP configuration (as 
static input). The space inside the UP is sufficient for BB replacement, 
which was verified using flightpath models of the envisaged removal 
kinematics, [55]. In the future it might be considered to trade off the 
port size against magnet parameters (e.g. towards toroidally narrower 
TF coils and wider ports). 

The high-level requirements of the UP configuration are summarized 
in Table 4. 

Scope of design 

The design includes the following components, to which the above 
requirements are flown down: port structure (part of the VV), port 
annex, upper limiter, neutron shield plugs, blanket chimneys and the 
pipework for either WCLL or HCPB blankets. This work is focused on 
integrating the UP with the HCPB concept because it is more challenging 
in terms of operating temperature, required pipe sizes and shielding. 
Feasible variants are investigated and a reference design option is 
identified. 

Assumptions & choices 

It is foreseen to replace the five BB segments of each sector (3 
outboard and 2 inboard) at least once during the lifetime of DEMO [35]. 
This operation requires clearing their path from all obstructive compo-
nents inside the UP, such as piping and shielding elements. In the PCD 
Phase, a large part of the RM activities was aimed at developing enabling 
technologies which are substantiated by prototyping [36]. The most 
relevant in-vessel operations for the upper port are the joining and 
disconnecting of the piping and the handling of the upper limiter, shield 
plugs, and blankets, pipes or pipe modules. In-bore tools are being 
developed for the servicing of pipes [37]. It should be noted that for RM 
tooling development, a static in-port design was used as input for inte-
gration studies, which is naturally different from the one presented here, 
which has much evolved since RM activities started. However, RM 
tooling requirements were respected in the ongoing UP design and 
coherence shall be achieved by reconsolidating the models in the early 
conceptual design phase. The design-driving assumptions with regard to 
RM tooling may be found in [34]. Also note that blanket handling and 
other RM operations need to account for failsafe transportation, rescue 
and recovery [38]. 

The piping presented here represents a concept choice, i.e. seamless 
pipes with suitable layout and dimensioning to sustain operational loads 
and provide a degree of compliance to enable installation. The comple-
mentary concept was developed in parallel by the RM project using 
flexible pipe elements under cyclic, high pressure internal loads, thus 
limiting piping stiffness [36]. 

6.2. Design description and rationale 

The upper port design has single-shelled toroidal walls to maximize 
the space inside the port. These were structurally verified for critical 
load cases [39]. The piping of all in-vessel clients is routed radially 
through 16 upper port annexes to the upper pipe chase in the tokamak 
building, see Fig. 11. The vacuum boundary to the in-building air side is 
the penetration plate. It is located at the very end of the annexes (on the 
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low field side) to increase in-vessel pipe compliance (by length). The 
annexes are located in the toroidal center of each vessel sector. They act 
as “guard pipes” shielding the in-cryostat environment from heat and 
nuclear radiation and providing protection in case of leaks. 

Below the level of the port closure plates and above the upper arc of 
the TF coils, all 16 upper ports are connected forming the upper ring 
channel, see Fig. 11. The size, in particular the height, of this ring vol-
ume is mainly driven by the pipe layout within the port. The upper ring 
channel constitutes a single volume of ~1500 m3. This offers a much 

larger expansion volume than individual ports, which is beneficial for 
pressure suppression in case of a pipe rupture. It also provides space for 
the integration of radial pipes outside the extraction path of the limiter 
plug and thus can remain in-situ during limiter RH. 

The in-vessel primary coolant piping features temporary pipe modules, 
which need to be removed prior to removal of the blankets. These ser-
vice an entire BB segment each, i.e. comprise lines for coolant, tritium 
extraction (HCPB: purge gas; WCLL: liquid metal) and small service 
vacuum system (SVS) lines for interspace monitoring and weld gas 
supply. The pipe modules interface with the BBs using an in-situ, in-bore 
welded (and cut) connection. At the interface to the permanent piping of 

Table 3 
Types of lower port currently considered.  

Function RH port Pumping port Pumping + RH port 
RH Divertor replacement 

Divertor and BB pipe servicing  
Remove & replace the torus vacuum pump 
RH access to service divertor and BB piping 

Divertor replacement 
Removal & reinstallation of the torus 
vacuum pump 
Divertor and BB pipe servicing 

Vacuum 
pumping 

no Provide pumping path to the main plasma chamber and host the torus 
vacuum pumping unit  

Pipe routing 4 cooling pipes per divertor 
cassette 
1 LiPb pipe per BB segment   

VV support yes   
Neutron 

shielding 
Shield plug behind divertor 
possible 

Open pumping path causes high neutron streaming into lower port   

Fig. 1. Section view of the DEMO tokamak with upper and outboard limiters 
(red). For main dimensions of VV and IVCs see [8]. 

Fig. 2. Cryostat with basement, pedestal ring, skirt, main cylinder, top lid with 
radial girders, and bellows (T-stiffeners on main cylinder not shown). 

Table 4 
High-level requirements of the upper port.  

Requirement Comment 
Maintenance: Enable in-VV access and 

BB removal 
Baseline 2017 port contour is used. 
(Verification was done with a CAD 
flightpath model, future optimization 
however possible) 

Shielding: Limit peak nuclear heating 
in all coils <50 W/m3 

Port-adjacent TF leg is most critical. 

Shielding: In-cryostat SDDR to allow 
occasional man-access, target: 100 
µSv/h [8] 

Remark: SDDR depends only partly on 
the UP design (requirement shared with 
other ports, VV etc.) 

Wall protection: Integrate upper 
limiter (UL) & enable quick 
replacement 

The upper limiter protrudes the BB first 
wall to protect it from impact of charged 
particles [5, 8]. For quick replacement 
the UL is designed as a non-captive 
component (incl. service pipework) 

Safety: UP shall be a safety and vacuum 
barrier 

The UP is a part of the VV and designed 
according to the same regulations  
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the port annex either mechanical pipe connectors (MPCs1) or welding is 
used. An overview of the pipework associated with the HCPB BB is 
shown in Fig. 12 for the MPC option. The water supply for the shield 
plugs and the upper limiter is shown in green. It should be noted that 
these lines are the only components to be removed to allow vertical 
extraction of the upper limiter, which is mounted underneath the central 
port plug, see Fig. 1. 

The UP plug is segmented into three radial components: inboard, 
central and outboard plug, see Fig. 13. The in- and outboard plugs 
embrace the BB piping for better shielding and are thus captive. The 
central plug has a load-bearing function, mechanically interfacing with 
both the COBS and both inboard BBs. More details may be found in [34]. 
The limiter, composed of a plasma-facing unit and a Eurofer shield 
block, see [41], is mounted underneath the central plug. It protrudes by 
~70 mm with respect to the first wall (FW) through the blankets, to 
which it has a gap of ~20 mm at its lateral faces for insertion clearance 
and to remain force-free except for unavoidable loads (EM, inertial, 
internal pressure). 

6.3. Verifications 

The requirement on the UPs to provide sufficient space for blanket 
replacement is met a priori through adoption of the 2017 baseline ge-
ometry. The same holds for the clash-free integration with the magnets 
while reserving sufficient space (100 mm) for future integration of the 
VV thermal shield. The following requirements were verified by analysis 
for the UP configuration:  

1 Shielding to achieve nuclear heating < 50 W/m3 in the TF coils: 
Maximum values produced by dedicated MCNP analyses are 17 W/ 
m3 for the HCPB configuration and 22 W/m3 for the WCLL model, 
respectively.  

2 SDDR – WCLL (Fig. 14): MCNP calculations yield a sufficiently low 
in-cryostat gamma radiation level during maintenance in the vicinity 
of the UP. Note: Any SDDR contribution from water activated during 
operation is expected to be insignificant and was therefore neglected.  

3 SDDR – HCPB (Fig. 14): MCNP calculations show that significantly 
thicker UP walls (~300 mm) would allow reducing the SDDR level 
inside the cryostat to 1000 µSv/h, which approaches the target value.  

4 Stresses of in-port BB pipes: The BB piping was verified by FE to 
sustain the internal coolant pressure load with sufficient flexibility to 
accommodate the thermal expansion of both the BB segments and 
the pipes during operation. While the thermal stresses in the larger 
HCPB pipes are close to the limits, the smaller WCLL pipes have 
larger margins [40].  

5 Upper port annex: The upper port structure was verified by FE to 
withstand the bending loads during seismic events. 

6.4. Conclusions & outlook 

The configuration of the upper port including the integrated design 
of the main in-port components, namely shielding plugs, pipework and 
plasma limiters has been developed. It was successfully verified by 
analysis for most of the main risks perceived as concept critical, 
including in-pipe stresses and neutron shielding. A systematic design 
approach ensuring traceability of decisions was used, including the 
documentation of assumptions with relevance to results (e.g. gaps versus 
shielding performance). 

The nuclear heating in the magnets is sufficiently low in the current 
configuration. The in-cryostat SDDR target is marginally met for the 
WCLL BB concept. For the HCPB, larger pipe diameters require larger 
penetrations in shielding structures and the coolant is transparent to 

neutrons. Both leads to more pronounced neutron streaming into the UP. 
This conceptual shielding flaw could be resolved by adding large 
amounts of shielding material to the upper port walls. 

The developed piping layout allows non-captivity of the limiters, and 
the space it requires is one of the reasons for connecting all UPs to form 
the UP ring channel, a major feature of the UP configuration. MPCs 
might be used for the interface of the temporary pipe modules to the 
permanent in-port piping, while the interfaces to the BBs are foreseen to 
be welded. 

The high stiffness of the seamless coolant pipes requires high 
installation forces depending on geometrical tolerances still to be stud-
ied, even with the “omega” features included. The outcome of appro-
priate prototyping may motivate the integration of flexible pipe 
elements, if deemed less risky. In the subsequent Concept Design (CD) 
Phase of DEMO, a dedicated pipe test facility will likely be needed for 
proper development and risk & benefit evaluation to substantiate piping 
concept choices. In the greater context, the input conditions accepted as 
fixed in the present work should also be revisited, namely the space 
reservations of the magnets, the BB extraction space envelope, the 
number of TF coils and possibly others. 

7. Equatorial ports 

7.1. Generic configuration 

DEMO has 16 equatorial ports. As a working basis four out of these 
are reserved to incorporate plasma limiters, six for the installation of the 
electron cyclotron (EC) system, and the remaining six for the integration 
of other heating and diagnostic systems. The equatorial ports incorpo-
rating plasma limiters provide access to outer midplane limiters (OML), 
outboard lower limiters (OLL) and inboard midplane limiters. Thus four 
of each of these limiters are considered, see also [42]. Upon removal of 
the limiters the equatorial ports also provide access into the VV for the 
multipurpose deployer [43, 44]. 

The DEMO equatorial ports were initially foreseen to be in the center 
of two adjacent TF coils as in ITER. However, since in DEMO each sector 
has 2 inboard and 3 outboard BB segments, this would have led to a 
central outboard segment being divided into two halves. In order to 
avoid this, each of the equatorial ports is shifted toroidally and slim 
rectangular cut-outs are integrated into two adjacent BB segments, with 
a maximum of one third of their toroidal width. Thus the penetration of 
the BB by the ports plugs (which is the case for the limiter) or the 
openings (which is the case for the EC system) is possible, see Fig. 15. 
The reduction of the tritium breeding performance of the BB due to the 
required cut-outs has recently been found tolerable [33]. 

7.2. Outer midplane limiter port 

Four equatorial ports are currently foreseen for the integration of the 
OML [32]. During ramp-up, before the x-point is established, the plasma 
is in contact with this limiter for edge definition and particle exhaust. 

7.2.1. OML design requirements 
As initial design inputs, the following requirements were defined: the 

OML must protrude past the BB FW by 20 mm. The mutual alignment 
between the four OMLs shall be ±1 mm (based on the toroidal field axis 
and the 5 mm scrape off-layer (SOL) power fall off length λq during 
ramp-up) to enable adequate power sharing amongst the four limiters. 
To achieve this precision an active alignment is needed since the 
installation precision with respect to the TF axis is expected to be no 
better than ±2.5 mm, see Fig. 15. 

The number and size of the OMLs needs to be chosen in order not to 
exceed the heat load capability of its plasma-facing components (PFCs). 
A toroidal width of ~1.1 m and a poloidal height of ~2.7 m was found 
sufficient in this respect in preliminary studies [42]. 

Two separate cooling circuits are presently considered to allow the 
1 Note that the pictured MPCs are in the open position (flange clamp disen-

gaged). This is to determine the total required space in the CAD model. 
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operation at individual temperature levels of the PFCs (at ~140 ◦C) and 
the shield block (at >180 ◦C), respectively. 

Like other DEMO port plugs the OML must sufficiently reduce the 
neutron flux to prevent excessive heat loads on the superconducting 
coils (<50 W/m3) and to allow personnel access during maintenance 
into the cryostat and to the port closure plate (SDDR <100–1000µSv/h 
12 days after shut-down), [8]. 

7.2.2. OML port and port plug design 
The PFCs are mounted on the shield block, which is a box structure 

filled with stacked steel plates for neutron shielding, see [41]. Both are 
cooled by water to moderate the neutrons. The shield block is made of 
the reduced activation steel EUROFER to minimize rad waste. The shield 
block is mounted on the port plug and can be replaced together with the 
PFCs at the end of its lifetime or in case of failure. The limiter shield 
block in the current design weighs ~4.5 tons. The associated port plug 
made of austenitic steel is expected to weigh ~12 tons. 

The OML port with integrated limiter port plug is shown in Fig. 16 
with radial actuator and interfacing components. The four cooling pipes 
and the services for the actuators and sensors are routed permanently on 
the port sidewall outside the port plug extraction path. They penetrate 
permanent parts of the primary vacuum boundary but not the port’s 
vacuum closure plate. To facilitate the handling in the active mainte-
nance facility (AMF), lifting features are integrated in the top. The shield 
block can be replaced in the AMF after release of the vertical and radial 
fixations as well as of the cooling pipes via lateral access. 

In the configuration shown in Fig. 16 the vacuum closure plate is far 
behind the port plug. This had been chosen to avoid the vertical space 
constraints given by the poloidal field coils PF3 and PF4 and hence 
provide more space to access the port closure plate and the cask docking 
flange. A concept is yet to be developed to pump out the volume behind 
the port plug during the dwell period between plasma pulses. Either 
sufficient vacuum conductance needs to be implemented between the 
VV and the port plug or a local pumping system has to be considered. 

Small nominal gaps (10 mm) are implemented around the OML port 
plug to the VV to minimize neutron streaming. For further reduction a 
dog-leg is included. The gaps around the PFCs and the shield block to the 
IVCs are affected by the relative thermal expansion between the VV and 
the BB of ~10 mm as well as the expected fabrication and installation 
tolerances. The gaps must prevent physical contact to avoid electrical 
currents to flow between the limiter and IVCs. In operation the following 
nominal gaps are expected:  

• At the top ~20 mm to the BB  
• At the toroidal sides ~20 mm to the BB  
• On the bottom ~10 mm to the OLL 

7.2.3. Mechanical supports and radial alignment 
Large EM forces and moments may act during operation, in partic-

ular during plasma disruptions. The port plug is mechanically fixed to 
the VV port by a bolted flange much like the ITER port plugs. The shield 
block is mechanically fixed to the port plug such that it can be replaced 
in the AMF within reasonably short time. A set of shear keys and hinge 
supports is used to transfer all loads to the port plug, see Fig. 17. Fea-
tures are included so that the shield block is radially adjustable with 
respect to the port plug. 

The pneumatic actuators which move the shield block into its precise 
position are based on a piston - spring concept where an applied pressure 
acts against a spring force, thus defining the position of the piston [32]. 
The assembly is encapsulated by bellows. This type of mechanism is used 
for the mirrors of the ITER electron cyclotron launchers but with much 
smaller dimensions [45]. The OML can be radially adjusted when the TF 
is off and the high ferromagnetic forces that act on the EUROFER shield 
block during operation (~1.5 MN) are not present. A locking unit 
(brake), which can cope with all the anticipated forces, fixes the actuator 
position during operation. 

7.2.4. Neutron shielding 
To meet the radiation protection criteria, see above, the OML must 

sufficiently reduce the neutron flux. This will protect the super-
conducting coils and hence also limit the activation of the steel in the 
maintenance areas ensuring a sufficiently low gamma radiation level 
during maintenance. In addition to the shield block the front part of the 
port plug incorporates steel plates similar to those of the VV, see Fig. 3, 
which further reduces the neutron flux. A dog-leg was introduced into 
port plug and VV to limit neutron streaming in the gap, see Fig. 17. 

Monte-Carlo N-particle (MCNP) simulations were undertaken to 
assess the nuclear heating in the superconducting coils and the gamma 
radiation level during maintenance both in the cryostat and on the 
outside of the vacuum closure plate, see Fig. 18. The peak value of the 
neutron heating in the magnet coils in the vicinity of the OML port of 20 
W/m3 is well below the limit (50 W/m3). Also the target values for the 
SDDR in the maintenance areas are met. However, in this early phase of 
design gamma radiation contributions from other ports were not 
considered. A more comprehensive MCNP model will be used in the 
future to capture such effects. Further improvements of the radiation 
shielding structures of the OML port may therefore be necessary. 

7.2.5. Conclusions and outlook 
Based on the requirements collection the design of the OML was 

engineered including a cooling concept and an actuator with brake. The 
integration into the tokamak and the port layout was developed. The 
port closure plate may be shifted closer to the port plug in the next 
development phase. Optimizations of neutron shielding capabilities will 
further reduce the shutdown dose rates in the cryostat and port inter-
space. This is also required to cope with cross-talk from other ports. The 
alignment mechanism and locking unit are to be further detailed. 
Tokamak and building integration considering also space reservations 
for the remote maintenance tools, has been done initially and needs to 
be refined further. A final choice has to be made on how to connect / 
disconnect pipes (by cutting/re-welding in-bore or orbital and/or a 
combination with mechanical pipe connectors). 

7.3. EC launcher port 

7.3.1. Design requirements 
Currently, it is assumed that all heating and current drive functions 

are provided by the EC system alone. The maximum EC power available 
during flat top of ~130 MW is assumed to be composed of ~30 MW for 
bulk heating, ~30 MW for the control of neoclassical tearing modes 
(NTMs), and ~70 MW for the control of radiative instability [46]. Few 
configurations of the EC system were studied aiming for a high avail-
ability. A promising option proposes to install - with some redundancy - 
108 gyrotrons, each providing a power of 2 MW at frequencies of 170 
GHz and/or 204 GHz, respectively. Both, gyrotrons operating at fixed 
frequencies and gyrotrons with tunable frequencies are feasible with this 
design concept. From the gyrotrons the EC millimeter-wave power of 
maximum 130 MW will be transmitted into the plasma by 108 

Fig. 3. Section of the VV double wall structure with in-wall shielding plates 
(inboard) and indication of materials selected for different components and 
expected activation waste classification (not to scale). 
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transmission lines, which are integrated into six equatorial ports [47, 
48]. Other variants with a different number of ports were studied but are 
either occupying too many ports or could not achieve the system 
availability. A final choice of the number of ports will be made in the CD 
Phase. The EC beam launching points were defined considering plasma 
heating and current drive requirements. Each function was elaborated in 
dedicated studies resulting in an EC port plug design that was verified by 
recent physics studies [46]. 

7.3.2. EC port and port plug design description 
Each EC port plug integrates four groups of waveguides that are ar-

ranged one on top of the other. Two groups are installed in the upper and 
lower part of the port plug with three waveguides per group that are 
used to control NTMs. Two additional groups are installed in the center 
of the port plug with eight waveguides per group for bulk heating and 
radiative instability control, see Fig. 19. 

As in the case of the outer midplane limiter, the EC launcher pene-
trates the BB in-between two adjacent segments to maintain the vertical 
integrity of the BB segments, see Fig. 15. Thus the port was shifted from 
the sector center to a lateral position, see Fig. 20. Through the 
arrangement of the fixed and the steerable mirrors a dogleg structure is 

created inside the port plug which reduces the streaming of neutrons. 
For the variant based on gyrotrons with fixed frequency the port plug 

is divided into two separate parts, the fixed mirror EC plug and the 
steering mirror EC plug, see Fig. 20. This modular concept allows the 
integration of all steerable mirrors in one port plug that can be main-
tained independently from the other accounting for the different life-
times of the two plugs:  

• The steerable mirrors with actuators that face the plasma require 
regular replacement due to material degradation similar to the 
divertor or the limiters. They are also expected to be more prone to 
failure, The arrangement of the steerable mirror plug allows its 
removal without removing the waveguide bundles. 

• The fixed mirror plug instead is somewhat protected from the neu-
trons by the BB segments. It also integrates no movable parts. It is 
therefore aimed at optimizing the design such as to make it a lifetime 
component requiring replacement only in case of unexpected failure. 

The front modules of both plugs are currently assumed to be made of 
EUROFER given its neutron irradiation resistance and reduced activa-
tion properties. Also the base of the mirrors is assumed to be made of 
EUROFER and coated with tungsten. The DEMO steering mirrors have 
approximately ten times the surface area as compared to those of ITER 
[45, 50, 51]. The actuator system has therefore been designed for higher 
loads and taking into account the higher microwave power loading per 
mirror due to the larger number of beams. 

For the variant based on gyrotrons with tunable frequencies the same 
design could be used, adapting the formerly described steerable mirrors 
to a fixed location without actuators and instead tuning the gyrotron 
frequency to steer the EC absorption location. 

During in-vessel maintenance both plugs can be moved radially on 
rails, see Fig. 21. They weigh ~40 tons (steerable mirror plug) and 30 
tons (fixed mirror plug), respectively. 

7.3.3. Neutron shielding 
The large beam openings allow the neutrons to penetrate deep into 

the port plug and compromise its neutron shielding function. Several 
iterations were made progressively reducing the neutron streaming 
through the EC port. Dogleg structures were implemented for the mir-
rors and also between the two port plug segments. In addition large 
auxiliary shields behind the fixed mirror were added to the design to 
reduce the neutron flux and thus the SDDR during maintenance. In spite 
of these efforts the SDDR values inside the cryostat remain high at 
~1000–10,000 µSv/h Fig. 22, a level that is approximately one order of 
magnitude above the criteria. Further design optimizations are therefore 
required in the future. 

At the same time neutron transport calculations showed that the 
design improvements implemented so far, including thickening of the 
shielding walls meet the nuclear heating limit of the superconducting 
coils. 

7.3.4. Outlook 
The main focus for the EC port development in the CD Phase of 

DEMO is the further elaboration of the sub-systems, e.g. the mirror 
actuator, as well as a more detailed load assessment and structural 
integrity verification. Mockups of the actuators should support the 
design process. Further improvement of the neutron shielding structure 
should reduce the SDDR sufficiently. This also requires consideration of 
the cross-talk from other ports to get more realistic values. Since the 
physics basis is still not yet fixed, a permanent change of the design 
might be the consequence if the functions, required power levels and/or 
beam absorption region etc. changes. Therefore the design has to cope 
with such uncertainties and be prepared for them. 

Fig. 4. Design of one sector of the DEMO VV with port stubs (gray) and splice 
plates (red) (IVC supports on the outboard not shown). Welds are present at the 
interfaces of differently colored surfaces. 

Fig. 5. Elastic membrane stresses in the VV [MPa] due to the application of 
dead weight, coolant pressure, EM loads during a TFCFD, and interface loads on 
the IVC support structures. 
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8. Breeding blanket mechanical supports 

8.1. Introduction 

A tokamak architecture based on large vertical blanket segments was 
– to the authors’ best knowledge - first considered in the early 80 s in 
INTOR [52] and later adopted in NET [53] and the European power 
plant conceptual studies [54]. This architecture aims at reducing the 
number of IVCs and hence the duration of their replacement and allows 
the use of a crane-like device to lift the heavy BB segments. The NET 
team eventually abandoned vertical blanket segments, partly because of 

difficulties encountered in the search for an attachment concept. 
The basic principle of the BB attachment concept that is presented 

here was first introduced in [8], is described in further detail in [55] and 
has been partially verified in [56] considering electromagnetic (EM) 
loads assessed in [57]. 

This section:  

i Introduces the requirements and principles of the BB support 
concepts,  

ii Defines the relevant machine states, 

Fig. 6. DEMO tokamak building level associated to VV lower ports (B2 level).  

Fig. 7. Tokamak complex level arrangement (non-self-supported cryostat shown).  
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iii Describes the design of the individual BB supports, their final toler-
ances and the expected BB positioning precision,  

iv Summarizes the BB load conditions, and  
v Presents the results of the structural assessment. 

8.2. Requirements 

The main requirements to be met by the BB attachments are:  

• To withstand all loading conditions and accommodate all thermal 
states of the BB, see paragraph 8.9.  

• To provide accurate alignment of the BB FW to avoid heat load 
concentrations due to charged particles, e.g. on leading edges, see 
also [58]. Since protection limiters are foreseen in DEMO that will 
protrude beyond the BB FW and therefore collect most of the charged 
particles flowing essentially along the magnetic field lines, we expect 
the FW alignment requirement to be reduced compared to that of 
ITER.  

• To provide proper electrical connection of the BB to the VV, see [8].  
• To enable installation of the BB segments by the provision of guiding 

features requiring from the BB transporter a BB positioning precision 
of ~±40 mm prior to the final engagement  

• To enable release of the BB segments by the choice of appropriate 
surface coatings to prevent stiction in vacuum, e.g. Al-bronze pads 
with a 250 μm thick plasma-sprayed alumina coating [59]. 

8.3. Mechanical support principles 

Each blanket segment is individually supported by the VV without 
any physical contact to the other blankets or IVCs. All BB support 

Fig. 8. Top: bioshield roof structure supported on bioshield. Bottom: configu-
ration with cryostat, cryostat bellows and VV. 

Fig. 9. Vertical cross-section of the lower port (green) with port duct (cyan), BB 
pipes (pink), divertor pipes (gray), metal foil pump (red) and diffusion 
pump (pink). 

Fig. 10. Radial view from the cryostat onto the lower port between two 
adjacent TF coils. 

Fig. 11. Upper port general layout with the UP “ring channel” and the 16 UP 
“annexes” connected to the cryostat via bellows (gray) and housing all piping of 
in-vessel clients. 

Fig. 12. Upper port internal pipework (HCPB option). Detail: Inboard BB pipe 
module (bottom right) with MPC, pipes for He-coolant & monitoring and pipe 
stubs for in-bore tool access on top. 
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structures are shear keys or contact pads relying on simple compressive 
contact for load transfer; bolts or pins are not used to simplify the remote 
maintenance operations required for the BB replacement. To support the 
inboard segments against the very large radial loads radial supports are 

Fig. 13. Shield plugs (dark gray), upper limiter shield block (dark green) with 
plasma-facing components (red), and B4C shield blocks (brown) in the upper VV 
port (green). 

Fig. 14. Upper area dose-rate maps 12 days after plasma shutdown, WCLL 
blanket option (top), HCPB option with thickened, water-cooled UP structure 
for better shielding (bottom). Note: other ports artificially closed to avoid 
interference in the results, i.e. no cross-talk. 

Fig. 15. Horizontal cross section of the OML integrated in the equatorial port 
that is toroidally shifted to the division line between the central and a lateral 
outboard BB segment. 

Fig. 16. OML port design (poloidal cross section, isometric view).  

Fig. 17. Left: shield block (green) with PFC (red) and mechanical interfaces. 
Right: Port plug (gray) with cooling pipes (light red and light blue) and actu-
ators (blue). 
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incorporated at three poloidal locations. The outboard segments are 
radially supported only at the top and at the bottom. During tokamak 
operation the BB segments are radially pre-compressed by the ferro-
magnetic force and vertically pre-compressed by obstructed thermal 
expansion. a) Radial pre-compression by the ferromagnetic force 

The radial gradient of the TF generates a large radial force on the 
ferromagnetic blanket material EUROFER. Since the TF is constant 
during and in-between plasma pulses, during tokamak operation the BB 
support concept can rely on this force to guarantee physical contact at 
the radial supports with significant pre-compression. As a consequence 
bolts providing pre-compression as e.g. in the supports of the ITER 
blanket [59] are not required. 

The structural concept of the BB segments attachment is that of an 
arch bridge where both end points of the arch are constrained. When 
there is a temperature rise, the bow of the arch is sufficiently flexible to 
increase and reaction forces on the supports remain tolerable. The radial 
ferromagnetic force acting on the blankets corresponds to the vertical 
gravity force acting on the conceptual bridge, see Fig. 23, and also 

defines their radial position. Horizontal slits incorporated in the BB FW 
and breeder zone as in the previously envisaged multi-module segment 
design concept [60, 61] are not required. The curved part of the 
otherwise straight inboard segment provides sufficient bending flexi-
bility if the upper vertical support is located at the end point of the 
segment. Otherwise it would be too stiff if constructed as a single box 
structure with a poloidally continuous FW plate and its thermal 
expansion would cause a steep rise of the vertical reaction forces [56]. 

It had initially been assumed that during operation the ferromagnetic 

Fig. 18. Shutdown dose rate 12 days after plasma shutdown in the vicinity of 
the OML port during maintenance [µSv/h]. The lower and upper ports are 
artificially closed in the simulation to avoid interference appearing in the re-
sults due to other sources, i.e. no cross-talk is accounted for. 

Fig. 19. EC port plug with EC beams, poloidal cross section view, [49].  

Fig. 20. Horizontal cross-section of the EC port.  

Fig. 21. View into the EC port.  

Fig. 22. Shutdown dose rate 12 days after plasma shutdown in the vicinity of 
the EC port [µSv/h]. The lower and upper ports are artificially closed in the 
simulation to avoid interference in the results due to other sources, i.e. no cross- 
talk is accounted for. 
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force would ensure physical contact on the radial supports of the blanket 
segments in all load cases. Instead it was found that EM forces due to a 
plasma thermal quench, a fast plasma current quench and due to a fast 
discharge of the TF coils may exceed the ferromagnetic force on some BB 
segments [55]. Consequently the BB segments must be supported at the 
top and at the bottom in both radial directions. This fact also disqualifies 
the radial supports from being used as electrical connection to the VV as 
the electrical configuration would become unreliable. Instead we rely on 
the vertical supports for electrical connection. The radial supports will 
be electrically insulated, see Section 8.2. b) Vertical pre-compression by 
obstructed thermal expansion 

After installation of the BB segments a small gap remains at their 
upper vertical supports that will close due to the thermal expansion of 
the segments when preheated to 300 ◦C in standby state. Hence prior to 
plasma ramp-up the BB segments are vertically clamped between their 
upper and lower vertical supports. During plasma operation the 
clamping force will further increase as the plasma-facing areas of the BB 
heat up more than the back side. Thus physical contact between VV and 
BB is guaranteed and the vertical supports can be relied upon for elec-
trical connection. 

At the same time the BB segments are not free to thermally expand 
and their temperature state causes (secondary) stresses within the BB 
and reaction forces on the BB vertical supports. The potential for these 
reaction forces to overload the BB supports thus requires controlling the 
BB’s stiffness and its temperature levels in normal and upset conditions, 
see paragraph 8.9. c) Supports in shutdown state 

At machine shutdown the TF coils are discharged and the ferro-
magnetic force no longer acts. The BB cooling systems are either idle or 
operate at low flow and at much reduced temperature. The BB segments 
will have thermally contracted and lost contact at their upper vertical 
supports. Consequently, the support constraints are different: the BB 
segments are vertically supported at the bottom and toroidally con-
strained by shear keys. Radial stops at the upper vertical supports pre-
vent the BB segments from falling off the VV wall due to the location of 
their centers of gravity or during a seismic event. 

8.4. Electrical connections 

The electrical connections between VV and BB rely on physical 
contact of the corresponding metallic surfaces that is provided by the 
vertical pre-compression due to the BB thermal expansion. Electrical 

connections between BB and VV being both at the top and bottom avoid 
halo currents inside the BB segments from flowing poloidally from the 
top to the bottom or vice versa. 

8.5. Machine states and fabrication tolerances 

The gaps around the BB segments are rather small (~20 mm). Also 
the clearances at the supports must be small during operation to avoid 
dynamic amplification of the large EM loads acting on the BB, typically 
not larger than ~0.5–3 mm depending on the relevant BB natural fre-
quency [62, 63]. Given the BB’s considerable dimensions and temper-
ature variations, see Table 5, the scale of its relative thermal expansion 
to the VV is similar and - in some cases – exceeds the dimensions of these 
clearances. A number of machine states must therefore be considered in 
the definition of the BB support concept to control the clearances and 
also to avoid excessive reaction forces due to obstructed thermal 
expansion. 

The reasonably achievable shape tolerances of the BB and the VV are 
expected to lie in the range ±5–20 mm based on fabrication experience 
of the ITER VV [68]. These are larger than the required precision of the 
clearances at the BB supports. It is therefore foreseen to custom-machine 
the BB support contact surfaces after fabrication and survey as applied 
on the contact pads of the outer intercoil structure of the JT60SA 
magnets [69]. A final precision in the mm and sub-mm range is 
expected. 

8.6. Design of the supports structures 

8.6.1. Radial supports 
Radial supports are implemented in all cases on both lateral sides of 

the BB segments, see Fig. 24. During operation the ferromagnetic force 
provides a pre-compression on two lateral radial supports at three 
poloidal locations on the inboard and the outboard segments, respec-
tively. Due to the pre-compression provided by the ferromagnetic force 
they can support the BB segments also against vertical moments that 
may occur in plasma disruptions. 

8.6.2. Toroidal supports 
In addition to radial/vertical supports each blanket segment has 

toroidal shear keys that engage with corresponding slots in the VV. 
These shear keys react the large radial moments acting on the blanket 
during a fast plasma current quench in a disruption. Two shear keys, one 
at the bottom and one at the top, provide a statically determined support 
condition. 

8.6.3. Radial stops - inboard segments 
Inboard and outboard segments are radially supported also towards 

the outboard side. Contact pads on the VV inner shell will support the 
outboard segments. The inboard segments will be supported against 
forces pulling them off the VV wall by a radial stop of 30 mm height 
integrated into the upper support rail supports, see Fig. 25. 

Fig. 23. Top: attachment concept of the vertical blanket segments relying on 
the presence of radial ferromagnetic forces (red arrows). Bottom: New Jersey 
Bayonne bay arch bridge relying on Gravity. 

Table 5 
Toroidal field, VV and BB temperatures in different machine states.  

State TF TVV TBB 

IVC 
installation 

OFF 20 ◦C 20 ◦C 

Baking OFF 180 ◦C 240 ◦C 
Standby ON ~50 ◦C 300 ◦C 
Flat top ON ~50 ◦C ~[300–500 ◦C], [64] 
Ex-vessel 

LOCA 
ON ~50 ◦C ~[300–585 ◦C] (initially), [65] ~550 ◦C (after 

~1 h), [66] 
BB 

maintenance 
OFF 20 ◦C ~[50–80 ◦C], [67]  
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8.6.4. Radial stops - outboard segments 
The radial stops provide support to the outboard segments against 

forces pushing them away from the plasma. They are integrated with 
their vertical supports, see next paragraph. 

8.6.5. Vertical supports 
During installation and in-vessel maintenance the BB segments are at 

20 ◦C and ~50–80 ◦C, respectively, see Table 5. In these states there is a 
gap of ~20 mm at the upper vertical supports. This gap is closed prior to 
plasma operation when the BB segments are heated in standby to 
~300 ◦C and hence vertically supported also on the top. In case upward 
loads occur on the BB segments due to halo currents in upward vertical 
displacement events (VDEs), see paragraph 8.7.2, impact loads on the 
upper vertical support are therefore avoided. 

At the upper vertical supports of the inboard segments a gap of ~20 
mm occurs naturally during the final installation movement, which is a 
small vertical drop. The final installation movement of the outboard 

segments however is a larger vertical drop of ~120 mm [55] to engage 
with the bottom supports, see Fig. 26. Consequently, after installation 
there will be a vertical gap of at least 120 mm. The BB thermal expansion 
within the VV in standby is ~33 mm only [13]. Hence in order to fill the 
gap, removable stops will be inserted after the BB installation, see 
Fig. 25. These will be adjusted to retain a similar-size gap prior to BB 
heat-up as that above the inboard segments (~20 mm). 

8.7. BB segment loads 

8.7.1. Accelerations 
In the current reference configuration the volume of the individual 

inboard and outboard BB segments is approximately 15m3 and 21m3, 
respectively. The corresponding mass – assuming the heavier water- 
cooled lead-lithium (WCLL) concept - is approximately 125 and 180 
tons, respectively. 

Plasma disruptions can accelerate the BB even more severely than 
seismic events. Seismic loads are therefore mainly relevant during ma-
chine shutdown when the toroidal field is off and the blanket support 
concept cannot rely on the ferromagnetic force. 

8.7.2. EM loads 
The following types of EM loads may act on the BB segments and are 

summarized in Table 6: (i) the magnetic field gradient causes forces on 
the BB ferromagnetic steel mainly in the radial direction due to the 
toroidal field gradient, (ii) currents induced in the BB segments as a 
consequence of magnetic field variations, mainly due to a toroidal field 
coil fast discharge (TFCFD), a plasma thermal quench or a plasma cur-
rent quench (CQ), and (iii) currents from the plasma halo region flowing 
in the BB during VDEs. 

Material irradiation results indicate a decrease of the saturation of 
the magnetization of up to 30% due to neutron irradiation with fluences 
several orders of magnitude lower than those expected in DEMO [71]. 
The BB support concept presented here is relatively robust against a 
reduction of the ferromagnetic forces since the BB is supported in both 
radial directions. Nonetheless, a quantification of this effect is needed to 
allow a complete verification of the BB support concept. 

8.7.3. Thermal conditions 
Since the BB support concept over-constrains the BB segments in 

some degrees of freedom temperature increases and thermal gradients of 

Fig. 24. Supports of the inboard BB segments in the VV-supported concept.  

Fig. 25. Horizontal cross-section through the upper support rail including the 
radial stop of the inboard segments and the removable stop element (brown) at 
the upper supports of the outboard segments providing support in both 
radial directions. 

Fig. 26. Lower supports of the outboard BB segments providing support in both 
radial directions. 
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the BB segment can cause significant support reaction forces. At this 
point only a selection of thermal conditions has been considered in the 
assessment of the BB supports. A complete assessment that needs to be 
carried out in the future will require the consideration of the detailed BB 
design and of transient conditions, e.g. during plasma ramp-up. 

We considered (i) the approximate thermal condition of the helium- 
cooled pebble bed (HCPB) concept as it experiences more extreme 
temperature gradients in the range ~[300–500 K], [64], (ii) the tem-
perature state during in-vessel maintenance when the radioactive decay 
generates heat in the passive BB [67], and (iii) the high temperature 
established in the BB in case of an ex-vessel loss of BB coolant during 
plasma operation when the maximum BB temperature occurs: initially 
585 ◦C (in the FW) [65], and after approximately 1 h about 500 ◦C and 
650 ◦C depending on the BB concept being WCLL or HCPB respectively 
[66]. 

8.8. Verifications 

8.8.1. Reaction forces 
The reaction forces on the BB supports of the five different BB seg-

ments were determined for different load cases and in different machine 
states [55]. The determined reaction forces do not exceed the design 
loads of the support structures, which are 4 MN for radial and vertical 
supports and 2 MN for toroidal supports.  

I Loads during flat top and ex-VV LOCA: The vertical loads on the 
top and bottom supports remain well within the design limits of 
the support structures. This shows that both the inboard and 
outboard segments are sufficiently flexible.  

II Loads due to TFCFD: The TFCFD generates a high compression of 
the blanket segments towards the VV. On the inboard segments 
high support reaction forces of up to ~4 MN and also high stresses 
in the BB structure occur. On the outboard segments the EM load 
due to the TFCFD may slightly exceed the ferromagnetic force. 
The loads on the radial stops are however well within the design 
limits.  

III Loads during fast disruption: During both the thermal and fast 
current quenches, radial loads occur on some inboard and some 
outboard segments that exceed the ferromagnetic loads. The 
support condition of the inboard BB changes in this case. The 
inboard segment is then radially supported only on the top and on 
the bottom. 

8.8.2. Stresses in BB segments 
The stresses in the BB segments have been calculated using a finite 

element model [56]. The stress limit for primary membrane + bending 
stresses in the BB is ~240 MPa, that for primary + thermal stresses 
~480 MPa [72]. The stresses in the BB segments were assessed with the 
aim of identifying potential major issues rather than to verify the BB 
structural integrity. The calculated stress level in the BB segments is 
shown for example during normal operation (flat top) in Fig. 27. It was 

also found that in an ex-vessel LOCA the yield stress of ~320 MPa at 
550 ◦C is exceeded in some regions of the BB. The extent of any per-
manent plastic deformation needs to be well controlled as it could 
negatively affect the support condition and the FW alignment. During a 
fast current quench and during a TFCFD large stresses are generated in 
the inboard BB FW of up to ~300–350 MPa. Additional radial supports 
on the inboard wall and/or modifications of the BB design might be 
suitable mitigation strategies. 

8.8.3. BB deformation/FW alignment 
The positioning tolerance of the BB FW is expected to be within 

±5–10 mm, see Section 2.2. The consequent increase of FW heat loads 
due to charged particles was found to be not higher than ~25% and 
hence tolerable [73]. Additional misalignment of the FW occurs due to 
the thermal deformation of the BB segments during operation. While the 
inboard FW deforms by only few mm on the outboard side up to 16 mm 
are predicted. However, the presence of plasma limiters on the outboard 
side that protrude beyond the BB FW [5] is expected to prevent excessive 
heat loads on any leading edges of the BB FW. 

9. Summary 

In the DEMO PCD Phase the principle emphasis was on the integrated 
design of the major component of the tokamak. VV: This includes a 
design concept of the VV that is the central component of the DEMO 
tokamak and integrates the various in-vessel components. Its ports are 
configured in-between the magnetic coils and connected with metallic 
bellows to the cryostat. The DEMO VV is, much like the ITER VV [15], a 
welded double-wall structure made mainly of austenitic steel 316L 
(N)-IG. The inboard side is reinforced by toroidal ribs and made of a 
higher strength steel (XM-19) to cope with the high EM loads. The design 
takes into account the required manufacturing processes and the 
required shape precision and aims at facilitating in-service inspections. 
In order to reduce the amount of activation waste stemming from the VV 
the inner shell thickness has been reduced and EUROFER is used for 
some of the in-wall shielding plates. 

Cryostat: Two design concepts of the cryostat were developed: an 
ITER-like self-supported vacuum chamber and a lighter concept, which 
is supported against the external pressure by the bioshield. Since it is 
planned to investigate in the future a transfer of the confinement func-
tion from the VV to the cryostat, the self-supported concept has been 
presented in this article. For the top lid with a diameter of ~40 m, it is 
particularly demanding to achieve a design that withstands the external 
pressure since the large openings required to access the VV upper ports 
significantly reduce the membrane stiffness of the dome-shaped struc-
ture. Radial girders between the ports were implemented and provide 
the required stability. 

Table 6 
Most notable loads acting on the inboard and outboard BB segments respec-
tively, see also [70].  

[MN, MNm] Inb. Outb. 
Frad 

- ferromagnetic 
- TFCFD 
- fast VDE, thermal quench 
- fast VDE, current quench  

− 7 
− 12 
7 
±7  

− 2 
3 
− 3 
±2.5 

Fvert (upward) 
- slow VDE  9   

Mrad (reacted on toroidal shear keys) 
- fast VDE, current quench  13  10 

Mtor (causing radial forces) 
- fast VDE, thermal quench  9  3  

Fig. 27. Membrane + bending stress distribution in the BB segments during flat 
top; the orange contour is manually defined as 250 MPa. 
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Tokamak building: The cuboid tokamak building is adjacent to the 
assembly hall in the south and the AMF in the north. It has two annexes 
on its east and west sides, the tritium building and the magnet power & 
diagnostic building. The internal structure is dominated by the cylin-
drical bioshield in its center and numerous port cells arranged with the 
VV ports. The levels are arranged corresponding to the machine ports 
and to integrate the various plant systems required to supply the 
tokamak and the building service. The internal division of the tokamak 
building by levels and sealed rooms allows the segregation of the various 
source terms facilitating the control of accidents. 

Ports: The VV has three ports per sector. The lower port mainly in-
tegrates the torus vacuum pumps and allows access to replace the 
divertor. The large upper ports mainly integrate the BB service pipes and 
allow the vertical extraction of the large BB segments into the upper 
maintenance hall above the bioshield. Some upper ports also integrate 
plasma limiters. The equatorial ports allow the integration of plasma 
heating and diagnostic systems. So far only the design of the EC launcher 
has been developed. Four equatorial ports are foreseen for the installa-
tion and replacement of plasma limiters at the mid-plane, both inboard 
and outboard, as well as on the lower outboard side. Upon removal of an 
outboard mid-plane limiter a multipurpose deployer [43, 44] can enter 
into the plasma chamber to perform various tasks. 

BB attachments: The mechanical integration of the BB segments into 
the VV is a prerequisite for the choice of the vertical BB segment ar-
chitecture, see also [74]. The BB support concept does not require fas-
teners or electrical straps connected to the VV and therefore significantly 
reduces the complexity of the BB remote replacement. Each BB segment 
is individually supported by the VV without any physical contact to 
other in-vessel components. It relies instead on vertical pre-compression 
inside the VV due to obstructed thermal expansion and radial pre- 
compression due to the ferromagnetic force acting on the BB structure 
in the toroidal magnetic field. Preliminary verifications are promising 
but further developments and validations by analysis and testing are 
required. 
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