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A B S T R A C T   

An initial concept for the plasma diagnostic and control (D&C) system has been developed as part of European 
studies towards the development of a demonstration tokamak fusion reactor (DEMO). The main objective is to 
develop a feasible, integrated concept design of the DEMO D&C system that can provide reliable plasma control 
and high performance (electricity output) over extended periods of operation. While the fusion power is maxi
mized when operating near to the operational limits of the tokamak, the reliability of operation typically im
proves when choosing parameters significantly distant from these limits. In addition to these conflicting 
requirements, the D&C development has to cope with strong adverse effects acting on all in vessel components on 
DEMO (harsh neutron environment, particle fluxes, temperatures, electromagnetic forces, etc.). Moreover, space 
allocation and plasma access are constrained by the needs for first wall integrity and optimization of tritium 
breeding. Taking into account these boundary conditions, the main DEMO plasma control issues have been 
formulated, and a list of diagnostic systems and channels needed for plasma control has been developed, which 
were selected for their robustness and the required coverage of control issues. For a validation and refinement of 
this concept, simulation tools are being refined and applied for equilibrium, kinetic and mode control studies.   

1. Introduction and overview 

The European long-term strategy towards fusion energy foresees the 
development of a demonstration fusion reactor (DEMO) as the single 

step between the tokamak experiment ITER and a commercial fusion 
power plant. According to the European roadmap for fusion [1], DEMO 
is expected to deliver significant net electrical power to the grid by the 
middle of the 21st century, achieve tritium self-sufficiency, and allow for 

* Corresponding author at: Institute for Energy and Climate Research, Forschungszentrum Juelich GmbH, Leo-Brandt-Str, Juelich, Germany. 
E-mail address: w.biel@fz-juelich.de (W. Biel).  

Contents lists available at ScienceDirect 

Fusion Engineering and Design 

journal homepage: www.elsevier.com/locate/fusengdes 

https://doi.org/10.1016/j.fusengdes.2022.113122 
Received 14 September 2021; Received in revised form 26 January 2022; Accepted 28 March 2022   

mailto:w.biel@fz-juelich.de
www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2022.113122
https://doi.org/10.1016/j.fusengdes.2022.113122
https://doi.org/10.1016/j.fusengdes.2022.113122
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2022.113122&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fusion Engineering and Design 179 (2022) 113122

2

a credible extrapolation towards the economic viability of a commercial 
fusion power plant. The current pre-conceptual studies on the devel
opment of the European DEMO reactor follow a conservative approach 
[2–4] using only moderate physics and technology extrapolations 
beyond the status of ITER. This approach is chosen in order to facilitate a 
timely development of DEMO under the boundary conditions of limited 
resources, and it takes into account the delays of ITER construction, 
which are shifting the schedule for large-scale experimental validation 
of any major new developments on ITER towards the late 2030s or the 
2040s. 

The DEMO baseline design under consideration, for which an initial 
D&C concept has been developed here, is a tokamak with predominantly 
inductively driven long pulse operation (a few hours) and several 100 
MWs of net electrical output power. Some details on the DEMO design 
concept and architecture are presented in [2,3,5–9]. Regarding the 
plasma scenario for this European DEMO tokamak reactor, it is currently 
assumed [10,11] that the plasma confinement properties will be near to 
the standard ELMy H-mode (confinement quality H ~ 1.0, see [12]), but 
without edge localized modes (ELMs) or with only low energy ELMs 
below the threshold for plasma facing component damage. Moreover, 
operation with high core plasma radiation fraction Prad/Pheat ~ 0.6-0.7 is 
foreseen in order to limit the power flowing towards the divertor, and in 
particular with high plasma density to facilitate detached plasma 
operation in the proposed lower single-null divertor. The typical 
time-averaged auxiliary plasma heating power Paux applied would be in 
the order of 50 MW or less, to be used mainly for the control of plasma 
operation but with only minor impact on the pulse duration via current 
drive. Further details on the current physics basis and their gaps have 
been published, see refs. [10] and [13]. A few technical parameters and 
expected performance data of DEMO are summarised in Table 1 [10]. 

It is important to note that not all of the key features of the DEMO 
plasma scenario and technology are well defined yet, nor have they been 
simultaneously demonstrated in large experiments under relevant con
ditions so far. Also, there are no detailed DEMO requirements and there 
is no DEMO operational plan available yet, from which specific re
quirements and arguments on design choices for the D&C development 
could be based on. However, the European strategy on DEMO [1,2] 
foresees a fast progress towards a feasible plant concept, requiring work 
in parallel on all open issues in DEMO physics and technology. There
fore, in this initial phase of the European DEMO studies, the develop
ment of the DEMO diagnostic and control (D&C) system is being pursued 
in a generic and flexible manner, taking up the above-mentioned as
sumptions but also considering the significant uncertainties concerning 
the definition of the final plasma scenario and machine properties, 
aiming to provide valuable contributions to resolving the open issues for 
the overall DEMO concept, in close collaboration with all other work 
packages. More details on the general DEMO design approach are given 
in [4,14]. Of course it cannot be excluded at this time that, with the 
overall progress on the understanding of DEMO physics and technology, 
some additional needs for specific developments also in the area of D&C 
may come up in future. 

The first tokamak experiment producing significant fusion power 
will be ITER. Given the plasma parameters and the nuclear environment 

of the ITER machine, the ongoing developments for the ITER D&C sys
tem are an important knowledge basis for all considerations towards 
DEMO diagnostic and control. The ITER diagnostic suite under devel
opment [15,16] has to serve the needs for both plasma control and 
physics investigations in a plasma experiment with predominantly alpha 
particle heating and moderate neutron fluence up to damage levels in 
the order of one displacement per atom (1 dpa) near the first wall. The 
engineering challenges for the realization of ITER diagnostics [17–19] 
and in particular the nuclear aspects [20] have led to the development of 
important concepts such as the port plug based integration approach, 
the maintenance of diagnostic components via remote handling and the 
selection of irradiation-hard functional materials for diagnostics com
ponents. Many of these ITER diagnostic concepts can be taken over for 
DEMO, some however need proper adaptation to the specific DEMO 
conditions. 

In addition to the open questions about the DEMO physics basis and 
the definition and validation of the plasma scenario, the development of 
the DEMO plasma D&C system is facing a number of significant chal
lenges [21–23], which go far beyond the requirements for ITER. These 
include on the one hand the high reliability demands on the control near 
operational limits, and on the other hand technical and space limitations 
for the integration of D&C subsystems into the machine with strong 
loads acting onto all components, leading to limited performance of the 
D&C system. In order to ensure tight regulation of the DEMO plasma in 
view of these challenges and limitations, estimation and control tech
niques will be employed, which aim to provide both a fast description of 
the plasma state based on the full set of measured data, and model-based 
based predictions towards optimized actuator control trajectories [24]. 
However, the possibility of adopting such techniques depends on the 
availability of accurate models, which need to be validated on currently 
operating tokamaks, and then extrapolated to DEMO. 

As part of the European DEMO design studies, the development of 
the D&C system has been launched in 2015 within the work package 
“DEMO diagnostic and control” (WPDC) [22]. During the first years of 
the project, an initial understanding of the prime choices of diagnostic 
methods and actuators applicable to DEMO has been obtained, and an 
initial version of the main DEMO control requirements has been devel
oped. In order to prepare the physics models for future advanced control 
schemes, and to provide some quantitative verification towards the 
controllability of the DEMO plasma, control simulations have been 
developed for a number of control issues. At present, the D&C concept 
mainly addresses the stationary burn phase of the discharge, including 
some of the transients which are expected to occur within it. The 
discharge ramp-up and ramp-down phases, the heating up towards the 
burn phase, as well as emergency actions such as disruption avoidance 
and mitigation will be investigated in more detail in the next phase of 
the project. 

This paper is structured as follows: In chapter 2 the challenges and 
limitations towards integration of diagnostics for plasma control into 
DEMO are discussed, and some requirements and first conclusions 
relevant for the control system are formulated. In chapter 3, the initial 
DEMO D&C concept is presented, addressing only the stationary (burn) 
phase at the current stage of development. Chapter 4 gives an overview 
on the diagnostic systems foreseen and the key issues towards their 
implementation into DEMO, including port allocation. In chapter 5 the 
current status of the foreseen actuators and their performance properties 
are briefly summarized. Open and critical remaining issues are discussed 
in chapter 6, which is followed by a summary and conclusions. 

2. Challenges for diagnostic integration on DEMO 

The development of the DEMO D&C system and in particular the 
integration of diagnostics on DEMO for plasma control have to face 
significant challenges [21–23,25]: 

First, the DEMO D&C system has to provide high reliability, since any 
loss of plasma control may result in loss of confinement or ultimately in 

Table 1 
Key parameters of the EU DEMO tokamak concept.  

Parameter Symbol Value/Range 

Major plasma radius R0 9 m 
Minor plasma radius a 2.9 m 
Toroidal magnetic field on axis B0 5.8 T 
Plasma current Ip 17.7 MA 
Plasma elongation κ95 1.65 
Fusion power Pfus 2 GW 
Installed auxiliary heating power Paux 130-150 MW 
Pulse duration tpulse 2 h 
Net electrical output power Pel,net 300-500 MW  
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disruptions, where the latter may cause significant damage of the inner 
wall or other components of the machine. Second, high accuracy of the 
D&C system is needed in order to operate DEMO at an operational point 
near to limits given by physics and technology, at which the operation is 
typically prone to instability whereas the output power of the reactor is 
maximized. Third, fast and early reactions by the D&C system are 
required in particular in case of unforeseen events, such as e.g. 
component failure or a significant increase in radiative cooling 
following sudden impurity ingress into the core plasma. Especially for 
coping with such unexpected events, it is crucial to have precise mea
surements available for all quantities to be controlled in real time: the 
more demanding the control requirements, the more precise the mea
surements and control actions must be. Fourth, the measurement pos
sibilities on DEMO are limited by space restrictions for the integration of 
diagnostic components, arising from the need to optimise the tritium 
breeding rate TBR in the blanket, and by strong adverse effects acting on 
the diagnostic front-end components (neutron and gamma radiation, 
heat loads, erosion and deposition) degrading the diagnostic compo
nents over time. Moreover, the nuclear environment of DEMO makes it 
necessary that any maintenance has to be performed by remote handling 
and is therefore technically challenging, expensive and time-consuming. 
Consequently all in-vessel components should be designed for a high 
degree of durability and reliability, such that the need for any in
terventions for scheduled and non-scheduled maintenance is minimized. 
Under such conditions, the use of several diagnostic methods currently 
adopted in operating tokamaks or ITER will be critical or even impos
sible on DEMO. Finally, the capabilities of the available actuators for 
plasma control (poloidal field coils, auxiliary heating and fuelling) 
impose their own limitations as well. 

Reliably controlled plasma operation can only be achieved as long as 
accurate and timely information about the actual plasma state in the 
various regions (core, edge and divertor) is available. For normal plasma 
operation, a reduced set of measurements may be sufficient if control 
oriented plasma models are able to describe plasma evolutions with 
adequate accuracy. However, in view of the risk of unforeseen events, or 
combinations of them, such as the sudden failure of major components 
(e.g. coolant ingress into the plasma chamber or a quench in super
conducting magnets), or the sudden increase of plasma radiation 
following impurity ingress into the core plasma (dust particles etc.), it 
remains an open question to what degree future control oriented models 
will be able to cover all possible evolutions of the plasma. Therefore, at 
the current stage of the DEMO D&C development, we have to assume 
that the information on the plasma state is based on a sufficiently 
detailed coverage by available measurements, together with the appli
cation of advanced control oriented models. 

Based on the challenges discussed above, the following general 
design strategy for the DEMO D&C system can be formulated: 

Plasma diagnostic methods for DEMO have to be chosen according to 
their robustness and reliability, and all in-vessel and in-port components 
of diagnostics and actuators have to be mounted in sufficiently set back 
(protected) locations and they should use robust designs and resilient 
materials, in order to maximize lifetime of the system components (to 
minimize maintenance needs and the resulting downtimes). The goal is 
to achieve maintenance-free operation of all in-vessel components over 
at least the designed blanket lifetime, i.e. two full power years (fpy) for 
the starter blanket which is designed for a neutron fluence consistent 
with 20 displacements per atom (dpa), and 5 fpy for the second blanket 
(50 dpa) [26]. On the other hand, since all these in-vessel components 
are required for DEMO operation, and failure cannot be completely 
excluded, their design has to be compatible with maintenance via 
remote handling, and a sufficient amount of redundancy in terms of 
number of channels and/or number of methods has to be included in the 
overall D&C concept. Related to the high nuclear loads, in-vessel diag
nostic components should predominantly consist of metallic parts with 
active cooling, complemented by ceramic insulators in cases where 
necessary (e.g. magnetic sensors). For a number of ex-vessel components 

the requirements for maintenance-free operation can be somewhat 
reduced, provided that any necessary maintenance actions are techni
cally possible within a short time and with low effort, such that the 
overall availability target of DEMO is not compromised. For any optical 
diagnostics, windows have to be placed at locations where the reduction 
of transmission by radiation induced absorption (RIA) remains low 
enough over the necessary long periods of operation, which might 
require using vacuum extensions beyond the port plugs. In particular 
some more sensitive parts such as radiation detectors, electronics or 
cameras should only be installed in ex-vessel positions such that occa
sional service or replacement could be performed without interrupting 
DEMO operation for longer periods. Finally, the goal of minimizing 
space requirements and cost requires that all reasonable efforts are made 
to limit the space occupation by all the in-vessel components and sys
tems to be integrated into DEMO. 

3. Initial version of the DEMO control concept 

In the following section we present the current version of the prin
cipal approaches for the main plasma control issues and their allocation 
to diagnostics and actuators on DEMO, which are summarized in Table 2 
and explained in some detail in the text below. As evident from the table, 
it is intended to cover all control issues with at least two different in
dependent diagnostic methods. Based on this proposed allocation be
tween control issues on diagnostics, no lack of measurements could be 
identified with respect to the main control issues for the burn phase of 
the DEMO discharges. In order to cope with a certain rate of failure of 
diagnostic channels during operation, it is foreseen to provide some 
additional level of redundancy for each control issue by using mea
surements from extra channels or lines of sight. For the port-based D&C 
systems (other than the bulky infrared (IR) polarimetry/interferometry), 
two independent instances of each system are proposed to be installed in 
different toroidal locations. The overall goal is to achieve a reliable 
knowledge of the plasma state over a wide range of parameters, and at 
the same time be able to distinguish between correct and faulty mea
surements by means of integrated data analysis. 

The key elements and the general approach for the control strategy 
for the DEMO plasma are summarized in the following, including the 
current understanding on the diagnostics, actuators and control margins 
needed for reliable control. This selection and allocation of diagnostics 
and actuators has been mainly based on considering the stationary burn 
phase, however, according to the current understanding no additional 
systems are expected to be necessary for the transient phases, but some 
parameter ranges of individual subsystems might need to be extended. 

The key elements address the conditions for controlling a discharge 
scenario similar to the standard H mode in a divertor tokamak (but 
without ELMs). In case of a different plasma scenario, some control is
sues may need to be modified or added. The control issues can be 
grouped into the three subtopics equilibrium control, kinetic control and 
the control of instabilities and unforeseen events. 

3.1. Equilibrium control 

Plasma position and shape depend on the interplay between mag
netic forces and kinetic plasma pressure. More specifically, the hori
zontal plasma position mainly depends on the vertical field, plasma 
current and pressure, while the vertical plasma position in the elongated 
configuration, as defined by attractive forces acting from PF coils 
located above and below the plasma, is in principle unstable and needs 
to be constantly monitored and controlled on a time scale related to the 
growth rate of the vertical instability. Thus the prime actuators for po
sition and shape control are the poloidal field coils, as well as the central 
solenoid (via the plasma current and via stray fields), but also the 
auxiliary heating (increase of heating power) and the plasma fuelling 
(affecting confinement properties) influence the plasma position and 
shape. Usually, in the design of the controller for plasma current, 
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position and shape control, the auxiliary heating and the plasma fuelling 
are treated as “disturbances” and the performance of the controller is 
tested against some assigned behaviours of these disturbances. 

The physics requirements for equilibrium control during flat-top 
operation have been formulated as follows: 

3.1a) The plasma current Ip has to be controlled to within +/- 0.5 
MA, such that the edge safety factor during flat-top operation always 
remains in the interval q95 = 3.5 +/- 0.1. 

3.1b) The horizontal and vertical position of the current centroid 
have to be controlled such that an initial displacement of 15 cm from the 
nominal position can always be recovered, preserving a minimum dis
tance between separatrix and first wall and limiters in all poloidal lo
cations greater than 8 cm, in order to minimize the wall loads. 

3.1c) The plasma shaping has to be controlled such that both the 
elongation κ and the triangularity δ remain within +/- 0.03 of their 
target values, respectively. 

The rationale for the formulation of these requirements is briefly 
explained in the following. 

The plasma current Ip, or the edge safety factor q95, respectively, are 
among the defining parameters of the plasma scenario. As such, the first 
requirement has been chosen here as to sustain an operational mode 
similar to the ELMy H mode [12], allowing for reasonably stable oper
ation (which improves by increasing q95 with respect to the ITER 
baseline, keeping away from the ultimate safety factor limit which is 
near to q95 = 2 [27]) while still providing good energy confinement 
(which would be maximised near the safety factor limit by virtue of the 
higher current). The second requirement addressing the plasma position 
has been formulated with the intention to keep the plasma away from 
the first walls (blanket), at a distance which is always sufficient avoid 
overloading the wall which could lead to damage via melting and/or 
impurity ingress followed by a disruption. Here we assume that any 
vertical or horizontal motion within the limits given in 3.1b) would be 
primarily a “rigid body” motion without major impact on the fusion 
power. The third requirement defines the control margins for the elon
gation and triangularity, where the actual size of the proposed margins 
(+/- 0.03) is believed to be achievable when taking into account the 
assumed measurement accuracy of both current centroid and separatrix 
position (few centimetres each) which serve as reference for the actual 
plasma shape control. It is of course intended to keep the variation of the 
plasma shape as small as reasonably achievable, since at constant 
plasma current the fusion power depends on the elongation somewhat 
stronger than linearly (e.g. for standard H mode, the confinement time 
scales as τE ~ κ0.78 [12] and an additional contribution comes via the 
variation of the plasma volume with elongation, Vplasma ~ κ). Moreover, 
for the pedestal pressure a scaling with triangularity as pped ~ δ0.83 has 
been found [28], which translates also into a somewhat stronger than 
linear dependence of the fusion power from δ. In summary, for all re
quirements on the equilibrium parameters, the proposed target param
eters and their margins given above have been chosen according to the 
current understanding of the achievable measurement accuracies and 
the typical parameter variations occurring during control actions in the 
burn phase of DEMO discharges. 

The primary diagnostics choice for the plasma current, position, and 
shape control on tokamaks is traditionally the in-vessel magnetic di
agnostics, and also the control concept for ITER is following this 
approach, see e.g. [29] and references therein. Coil based measurements 
provide a signal proportional to the time derivative of the magnetic 
field, and hence the signals need to be integrated over time. However, 
during the long stationary burn phase, the raw signals to be integrated 
are essentially zero. This means that any spurious voltages originating 
from irradiation effects [20] could appear as slow “drifts” of the mag
netic configuration, which would have to be corrected before using these 
signals as inputs for plasma control. Neutronics calculations for various 
DEMO blanket concepts under development [30] show that the pre
dicted neutron fluence behind the DEMO blanket (at the mid-plane 
position on the inboard side) could reach values up to 1025 /m2 per 

Table 2 
Control issues and related diagnostics suite and actuators on DEMO, updated 
version based on [22]. See also the control requirements from physics consid
erations given in sections 3.1, 3.2 and 3.3 below. PF = poloidal field; 
CS = central solenoid; FW = first wall; VDE = vertical displacement event; 
MW = microwave; ECE = electron cyclotron emission measurement; 
Prad = radiated power from plasma; ECR = electron cyclotron resonance; 
IR = infrared; LH = low/high plasma confinement; DT = deuterium/tritium; 
MHD = magnetohydrodynamics; ECCD = electron cyclotron current drive.  

Control issue Operational 
limits 

Main diagnostics Main actuators and 
counter-measures 

Equilibrium control 
Plasma 
current / 
edge safety 
factor q95 

Safety factor 
limit (q95) 

Magnetic diagnostics 
Faraday sensors 

PF+CS coils 
Auxiliary heating 

Plasma 
position and 
shape, incl. 
vertical and 
horizontal 
stability 

Wall loads 
(FW and 
divertor) 
Max. Δz / 
VDE 
disruption 

Magnetic diagnostics 
MW reflectometry, ECE 
Neutron/gamma 
diagnostics IR 
polarimetry/ 
interferometry Prad 

PF+CS coils 
Auxiliary heating 

Kinetic control / scenario control 
Plasma edge 
density (and 
temperature) 

Density limit 
Stable 
confinement 
Access 
conditions for 
divertor 
detachment 

Reflectometry (ECE) IR 
polarimetry/ 
interferometry 
Spectroscopy (pellet 
injection) 

Pellet injection 
(fuel) Gas injection 
(ECR heating) 

Fusion power Wall loads 
(FW and div.) 
LH threshold 

Neutron diagnostics 
Density and temp. 
measurements FW/ 
blanket and div. power 
(for calibration only) 

Auxiliary heating 
Pellet injection (DT 
ratio) Impurity gas 
injection PF+CS 
coils (shaping) 

Power flow 
across the 
separatrix 

Radiation 
limit LH 
threshold, 
divertor loads 

Spectroscopy+radiation 
meas. Plasma heating 
power (fusion power and 
auxiliary heating) 

Gas injection 
(impurities + fuel) 
Pellet injection 
(fuel) Auxiliary 
heating 

Divertor 
detachment 
and heat flux 
control 

Divertor wall 
loads LH 
threshold 

Spectroscopy+radiation 
meas.Thermography 
Divertor thermo-currents 
Core neutron 
flux + reflectometry 

Gas injection 
(impurities + fuel) 
Pellet injection 
(fuel) PF coils 

Control of instabilities and unforeseen events 
Plasma 
pressure 
(control need 
t.b.c.) 

beta limit Magnetic diagnostics 
Density and temp. 
measurements 

Auxiliary heating 
Fuel + impurity 
injection 

(MHD) 
plasma 
instabilities 

various (→ 
disruptions) 

Reflectometry, ECE 
Radiation power 
measurements Neutron/ 
gamma diagnostics IR 
polarimetry/ 
interferometry Magnetic 
diagnostics 

Auxiliary heating 
ECCD PF coils 

Unforeseen 
events 
(impurity 
ingress, 
component 
failure) 

various (→ 
disruptions) 

all all 

Disruption 
avoidance 
and 
prediction 

various (→ 
disruptions) 

all Robust control 
algorithms to 
tolerate expected 
noise/disturbances; 
effective exception 
handling; effective 
predictors 

Disruption 
mitigation 

various all Matter injection to 
distribute wall loads 
and act against 
runaways  
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full power year of operation, which corresponds to one displacement per 
atom (dpa). 

A number of irradiation-induced effects which could disturb signals 
from magnetic sensors have been thoroughly investigated for ITER 
conditions. Specifically, a thermo-electric voltage can be generated via 
transmutation in the conductor, which is known as the radiation- 
induced thermoelectric sensitivity (RITES) [20]. Since this effect only 
slowly evolves with the accumulated fluence over the period of opera
tion, it could to some extent be corrected based on the baseline signal 
level measured just prior to the start of a DEMO discharge. Another 
important effect is the parasitic voltage induced by thermal gradients 
inside the sensor (temperature-induced electromotive force, TIEMF) 
[20]. These could in principle be minimized by optimizing the sensor 
design and sensor cooling such that a fairly constant temperature dis
tribution over the sensor is maintained during operation. For the 
low-temperature co-fired ceramics (LTCC) coil design developed for 
ITER, a temperature drop of < 1 K has been predicted based on simu
lations [31], which translates into a typical spurious voltage of 0.1 - 0.5 
µV [32]. Finally, the signals transmitted via mineral insulated (MI) co
axial cables can be disturbed by the radiation-induced electromotive 
force (RIEMF) effect, which generates a current or voltage across the 
insulator via charged particles, created by gamma or neutron reactions 
[20]. Considering the large neutron fluence on DEMO and the long 
duration discharge over which all the spurious signal contributions will 
be integrated, it has to be expected that signals from in-vessel magnetic 
sensors on DEMO will be accordingly more influenced by 
irradiation-induced effects as compared to the ITER sensors. Several 
methods will be used to check and correct drifting signals from in-vessel 
inductive sensors. First, ex-vessel magnetic sensors will be used since 
they are shielded by the thick vacuum vessel and hence they experience 
irradiation effects which are about three orders of magnitude lower than 
for the in-vessel sensors located behind the blanket [30]. However, the 
eddy current shielding by the vacuum vessel will slow down the signals 
measured by ex-vessel magnetic sensors, such that the different fre
quency response has to be taken into account in the comparison with the 
in-vessel signals. As a second and complementary approach, the instal
lation of Hall sensors is foreseen. These sensors provide raw signals 
proportional to the magnetic field rather than its time derivative, 
however with only small signal amplitudes (in the more radiation-hard 
versions) which are also temperature dependent. The measurement of 
the poloidal magnetic field could also be accomplished with Faraday 
optical detectors, which measure the rotation of the polarization of a 
laser beam within a transparent medium of high Verdet constant [21]. 
Since all types of glass are very sensitive against radiation induced ab
sorption (RIA), the applicability of this detector type for in-vessel 
measurements still needs to be demonstrated. RIA would not occur in 
liquid ’fibres’, but their applicability for reliable operation in a nuclear 
tokamak will need further investigations. 

The current approach for the planning towards plasma position and 
shape control on DEMO pursues a risk mitigation strategy: Fast in-vessel 
measurements from magnetic coil based sensors are foreseen, but 
complemented by microwave reflectometry measurements. Indeed, to 
alleviate the problems related to drifting integrators or irradiation- 
induced effects in the magnetic pickup coils, reflectometry was pro
posed to backup or complement the standard magnetic based control in 
ITER [33], and a first attempt to perform a radial position control using 
reflectometry measurements has been demonstrated on the ASDEX 
Upgrade tokamak [34]. In-vessel Hall sensors will be added if their 
durability against DEMO relevant irradiation levels can be shown. In 
addition, ex-vessel magnetic measurements (both coil based and Hall 
sensor based) will be available to monitor slow changes of the magnetic 
configuration, and to provide a basis for correcting the apparent drifting 
of in-vessel magnetics coil signals as arising from their irradiation 
damage. Moreover, IR interferometry/polarimetry could provide signals 
for plasma position control during the ramp-up and ramp-down phase of 
the discharge, when the plasma cross section is not fully developed and 

hence the plasma edge is too far away from the reflectometry antennae 
in order to obtain useful data. Neutron/gamma diagnostics can 
contribute in the nuclear burn phase to define the position of the plasma 
centre (~current centroid), which will provide a useful corroboration of 
the information from reflectometry monitoring the position of the 
plasma boundary. Finally, the observation of protection limiters via 
spectroscopy and thermography could provide valuable signals in case 
the plasma would come too close to one of these limiters. Since any of 
the listed measurements would report a change of plasma position only 
with some uncertainty and with some delay, the requirement 3.1.b) 
formulated above was chosen to provide a sufficient margin to avoid any 
loss of the discharge due to the lack of controllability of the equilibrium. 
Also, the required value of 8 cm minimum distance of the separatrix 
from the wall represents a safe value avoiding too strong plasma-wall 
interactions and thus minimizing the additional impurity ingress dur
ing such plasma movements (the typical e-folding length of the plasma 
edge parameters amounts to a few centimetres, depending on plasma 
conditions). 

It remains an important area of future research and development 
(R&D) to better determine the limits of the durability (lifetime) of in- 
vessel magnetics by irradiation testing and modelling, to find out how 
far the spurious voltages arising from these effects can be corrected for, 
or whether a sudden end of the usability of these sensors has to be ex
pected, e.g. by swelling, cracking or disconnection of cables, and to 
optimize the designs and locations of sensors accordingly. 

According to typical controller architectures adopted for plasma 
position, current and shape control [35,36] the envisaged controller for 
DEMO has the following structure:  

- Vertical stabilization controller  
- Plasma current controller  
- Plasma shape and position controller, which in turn is divided in two 

components  
- Current decoupling controller  
- Shape controller 

Different to other tokamaks, where there are coils dedicated to the 
vertical stabilization of the plasma configuration, in the current DEMO 
baseline design it is not possible to have a structural decoupling between 
the plasma shape and position controller, and the vertical stabilization 
controller. Hence this decoupling should be obtained by means of the 
controller algorithm using a suitable geometrical decomposition. 

The current decoupling controller acts on an intermediate timescale; 
its task is to evaluate the voltages to be applied to the PF coils in order to 
track the reference PF coil currents coming from the shape controller to 
compensate for unforeseen disturbance. The shape controller acts on a 
slower timescale with respect to the current decoupling controller. 

The vertical stabilization controller acts on a faster time scale and 
uses as actuator a suitable combination of PF voltages; this controller 
calculates the continually changing PF coil currents required to maintain 
the vertically unstable plasma in a dynamic equilibrium. 

Finally, the plasma current controller is designed as a separate loop, 
with the aim of minimizing the coupling effects with the shape 
controller. The plasma current (inversely related to the edge safety 
factor q95) will be controlled based on signals from magnetic sensors (in- 
vessel and ex-vessel inductive sensors and Hall sensors) measuring the 
related poloidal fields, and for the case of a pulsed DEMO tokamak the 
actuators are the central solenoid current as well as the (limited) 
auxiliary plasma current drive. The edge safety factor has to be kept 
precisely in the desired range (see physics requirement 3.1a above), with 
a relatively small control margin, since it belongs to the characterizing 
quantities for the plasma scenario, and it is relevant for certain MHD 
instabilities [37]. Additional ex-vessel magnetic measurements are 
foreseen for the diamagnetic energy and the loop voltage, respectively. 
Diamagnetic loops are needed to evaluate in real time the poloidal beta 
and hence the plasma energy [38], which are important input data for 
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the burn control. On the other hand, the loop voltage measurement 
contains mixed information regarding non-inductive current drive, 
plasma resistance and plasma inductance change; hence this measure
ment is useful for equilibrium control. In DEMO ex-vessel magnetic 
measurements will be used as backup of the correspondent in-vessel 
sensors. 

The performance in controlling the horizontal plasma position in 
DEMO as measured by inductive magnetic diagnostics during an unex
pected “loss of power” event (transition from H mode to L mode) by 
means of ex-vessel PF coils has been simulated using the CREATE-L 
model [39], see Figs. 1 and 2 [36]. 

The result of this simulation shows that the maximum horizontal 
movement of the plasma towards the inner wall (see gaps no. 1-4) rea
ches more than 20 cm, even with investing up to 700 MW of mostly 
reactive electrical power for the necessary change of the poloidal mag
netic field via the external PF coils. This means that during this control 
action the minimum distance between plasma and inner wall becomes 
too small, violating the requirement 3.1b formulated above: indeed gap 
no. 1 (the inner radial gap) gets as close as 4 cm to the first wall. 

The large power demand during this control action is resulting from 
the need to restore the horizontal force balance in the tokamak after the 
drop of the plasma pressure in this assumed HL transition, according to 
the well-known equation by Shafranov [40]. Fulfilling this power de
mand would require to implement expensive choices in the reactor 
design, including the dimensioning of power supplies and the addition of 
a sizeable energy storage to decouple the varying control power needs 
from the electrical grid. Therefore, more recently a preliminary study 
has been carried out to assess which improvement of performance can be 
obtained using in-vessel radial field control coils. As a result it has been 

demonstrated that using these coils, whose positions have not been 
optimized yet, it is possible to control larger displacements than those 
recoverable just using ex-vessel control coils, with a much more limited 
control effort, in terms of required active and reactive power. Subse
quent studies have shown that significant improvements are obtained 
resorting to in-vessel radial field control coils in counteracting a range of 
typical events that can occur during a DEMO discharge, both in terms of 
movements of the plasma boundary, and in terms of required control 
power. In comparison to ex vessel PF coils, in vessel control coils 
promise a faster control action onto the plasma at lower energy con
sumption, due to their lower inductivity and to the lower degree of eddy 
current shielding. However, a feasible design for in-vessel control coils 
with sufficient lifetime in DEMO has yet to be developed. 

A preliminary evaluation of the performance in the reconstruction of 
the flux/field map at breakdown starting from the magnetic measure
ments has also been carried out, showing that the proposed set of sensors 
can be used for the scope, despite the presence of high eddy currents in 
the passive structure. However, the proposed reconstruction procedure 
is heavily based on the model which links the currents in the PF coils to 
the measurements. More studies have to be carried out in the future to 
propose a more robust reconstruction algorithm and to evaluate other 
effects such as 3D eddy currents affecting the measurements. 

3.2. Kinetic control 

Kinetic control comprises the control of kinetic plasma parameters in 
accordance with operational limits in the plasma, target fusion power 
Pfus, tolerable heat loads and low material erosion. Different approaches 
for the control of fusion power in a burning plasma like on ITER have 
already been investigated in great detail in earlier papers. More specif
ically, the control of fusion power by means of auxiliary power and 
fuelling rate (pellet injection and gas puffing) was studied based on a 
nonlinear 0D model for the plasma parameters, assuming equal tem
peratures for all particle species and considering plasma cooling by 
bremsstrahlung only [41]. Here it was found that a certain amount of 
auxiliary power is needed to counteract the instability (“thermal 
runaway”) introduced by the nonlinear dependency of the fusion rate 
with the plasma temperature (here typically T = 6-8 keV were assumed 
as the operational point). A more recent study included the variation of 
the DT ratio as actuator, and used a refined radiation model including 
line radiation and recombination in addition to bremsstrahlung [42]. Fig. 1. Definition of the gaps between plasma edge and wall to be controlled.  

Fig. 2. Simulation results for the deviation of gaps and the required power to 
PF coils during the control action. 
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Finally, a more extended model was developed, where different tem
peratures for the electron and ion species were considered and the 
different heating mechanisms for electron and ion heating by the three 
auxiliary heating systems foreseen for ITER were included in the model 
[43]. All these studies have in common that, under the assumptions used 
here, a significant delay is observed between the action of auxiliary 
heating and the plasma response, as determined by the ratio between 
stored plasma energy and applied heating power. For the studies using 
the fuelling as actuator, the relatively long particle confinement time (τP 
> 10 s on ITER) represents the time scale on which the fusion power 
would react to any changes of fuelling rate or DT ratio. Turning now to 
burn control on DEMO, we have to take into account a few changes with 
respect to the case of ITER. First, for EU DEMO the main goal is to 
provide stable and high electricity output into the grid. Reacting on any 
reduction of fusion power by simply injecting additional auxiliary power 
can of course increase Pfus again, but in turn this control action could 
potentially reduce the net electrical output power of the reactor, as 
simulations with a systems code easily show when assuming realistic 
numbers for power conversion efficiencies and taking into account the 
possible power degradation in the energy confinement time (e.g. ~ 
P− 0.69 in eq. 30 of ref. [12]). In EU-DEMO, the burn control via (auxil
iary) heating and current drive (H&CD) is also hampered by the high 
temperature (~35-40 keV) in the plasma centre, where most of the 
fusion reactions take place. At these temperatures in fact the equi
partition time becomes very long (τei > 30 s in the centre) and in addi
tion all H&CD technologies primarily heat the electrons at these plasma 
parameters. Thus, the delayed heat transfer to the ions makes H&CD a 
rather slow actuator for Pfus. On the other hand, the high plasma tem
perature already lowers the increase of Pfus after any further temperature 
increase (central temperature near to the maximum of the fusion rate). 
Moreover, synchrotron radiation from the core plasma further damps 
the thermal runaway due to the large dependency from electron tem
perature (Psync ~ T2.6) [44]. Finally, in view of the extreme heat loads at 
the divertor target, all control actions affecting the fusion power will 
have to be carefully tailored with regard to the impact on the divertor 
plasma, in order to not exceed the heat load limits. In summary, for 
kinetic control on DEMO we will have to develop a refined approach, 
aiming to minimise the use of auxiliary power and considering all other 
possible actuator options potentially effecting the fusion power, 
including scenario control actions such as control of DT ratio, pedestal 
and core plasma density or plasma shaping (elongation κ and triangu
larity δ). 

For a standard H mode discharge under DEMO conditions, a 
moderately peaked radial plasma density profile with a pedestal near the 
plasma edge is predicted [45,46]. The plasma density at the separatrix 
and at the pedestal top have a crucial importance for stable and reliable 
plasma operation in core and divertor region [47]. Specifically, divertor 
detachment can only be achieved and maintained under conditions of 
sufficiently large pedestal density [48]. On the other hand, under
standing the Greenwald density limit [49] as a limit applying to the 
plasma edge density [50], the pedestal top density should remain below 
the Greenwald limit. This is in line with the experimental finding that 
when approaching the Greenwald limit, the power needed to sustain the 
H-mode increases much stronger than the linear scaling presented by 
Martin et al. [51]. Therefore, the actual size of the required margin will 
not only depend on the achievable accuracy for measuring and con
trolling the pedestal. Instead of the pedestal top density, alternatively 
the control of the separatrix density (at r = a) can be used [52] with 
regard to the density limit, avoiding a deterioration of the plasma 
confinement below H-mode levels. 

The plasma pressure predicted for DEMO (based on confinement 
properties near to standard H mode) is currently predicted to stay 
significantly below the beta limit, such that developing a rigorous beta 
control as such is currently not amongst the priorities. Stable fusion 
power however requires maintaining the confinement quality, which 
requires controlling the power losses Psep flowing across the separatrix. 

Finally, the power flowing into the divertor has to be limited or 
distributed over large areas such that the power load limitations of the 
divertor target plates are not exceeded. Another important aspect of 
divertor control is the limitation of erosion of the divertor target, which 
can be achieved by reducing the energy of impinging particles below the 
energy threshold for physical sputtering. The present understanding is 
that these conditions will be met when the divertor plasma shows a 
sufficiently high degree of detachment (low plasma temperature near 
the strike point, T < 2 eV). 

The physics requirements for the kinetic control during the flat-top 
phase of the discharge have recently been formulated as follows: 

3.2a) The electron density at the pedestal top should be controlled at 
a level of 85% of the Greenwald density limit, with a margin of +/- 5% of 
the Greenwald density. 

3.2b) The fusion power should be controlled to keep the variations of 
fusion power always below +/- 20 percent over not more than 20 
seconds. 

3.2c) The power loss Psep across the separatrix should be controlled to 
maintain a value of 1.2 times the confinement mode threshold (e.g. PLH), 
where deviations of up to additional 50 MW within up to 20 seconds 
represent the tolerable limit. 

3.2d) The divertor plasma will be controlled to maintain strongly 
detached plasma conditions, i.e. a high density plasma with a low 
temperature in front of the target of less than about 2 eV. It is assumed 
that under these conditions both the heat flux density and the erosion 
rate at the divertor targets are tolerable. Any loss of detachment (T > 3 
eV) has to be recognized by the control system within less than 0.2 
seconds, in order to allow turning on the strike point sweeping as a 
short-term measure against divertor overloading. 

3.2e) The plasma pressure will be controlled such that the normal
ized plasma beta βN will not exceed a value of 90% of the ideal beta limit. 

The first requirement assumes that the Greenwald density limit [49] 
has to be understood as a limitation for the plasma pedestal top density. 
The proposed value and margin are taking into account the assumed 
accuracy of the measurement using microwave reflectometry, and the 
control actions via pellet injection leading to edge density variations of 
finite size. The second and third requirement were formulated based on 
the results of numerical simulations on burn control [53], which showed 
that the plasma can show strong reactions in Pfus and Psep even after 
small disturbances and related control actions. Variations of the fusion 
power up to the limits formulated in requirement 3.2b) are not causing 
problems for electricity production, since the large thermal capacity of 
the blanket and coolant system results in a significant inertia (long time 
constant) which reduces the variation of coolant outlet temperature 
down to a tolerable level. The fourth requirement on divertor protection 
is based on the understanding that a direct measurement and control of 
the peak power flux in the divertor is not possible under DEMO condi
tions. Therefore, the existence of a relatively cold plasma region in front 
of the divertor (detachment) is postulated as a proxy, assuming that 
under detached conditions the heat flux density is in a tolerable range. 
After any loss of detachment, the control system should be able to react 
fast enough and with high priority (here: strike point sweeping [54], 
aiming to distribute the additional heat load over a larger area), where 
the short time constant given in 3.2d) is defined according to the time 
after which an overload would otherwise lead to severe divertor damage 
[55]. The current understanding is that the strike point sweeping can 
only be applied for limited periods in order to minimise divertor erosion. 
After turning on the sweeping either a controlled divertor detachment is 
soon achieved again, or the plasma has to be ramped down. 

For the measurement of the plasma density, reflectometry is foreseen 
as the primary diagnostic in the gradient region, while the core electron 
density will be derived using infrared interferometry/polarimetry. The 
radial profiles from radiation power and neutron flux measurements 
may contribute to perform a consistency check of the density profiles. 
Primary actuators for density control are pellet and gas injection, while 
it is understood that the overall pumping speed and efficiency can only 
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slowly be adjusted deliberately, but may vary somewhat according to 
the actual divertor plasma conditions. For DEMO conditions, only pellets 
will have the deposition profile required to efficiently control the core 
density [56], while gas puffing may be used to control the separa
trix/SOL/divertor density (and with it the neutral density in front of the 
pump). The accuracy of the density measurement for the pedestal top 
and separatrix density should be better than one third of the density 
control requirement as defined from physics (see the requirement 3.2a 
above). In order to investigate the possibilities and limitations of density 
measurements by reflectometry under DEMO plasma conditions, the full 
wave code REFMUL is being developed [57]. For the conditions appli
cable here, first simulations indicate that in absence of plasma turbu
lence a positional measurement accuracy of about 6 mm can be achieved 
with reflectometry in all poloidal positions where the curvature of the 
separatrix is low, corresponding to a measurement accuracy of 0.1e19 
m− 3 for the plasma density. 

For a stable plasma operation in H mode or another high confine
ment regime, the power loss Psep across the separatrix towards the 
divertor should exceed a certain power threshold, e.g. PLH according to 
Martin et al. [51]. On the other hand, divertor protection requires 
keeping the local power fluxes on the divertor target below the damage 
threshold, which points towards reducing the loss power across the 
separatrix Psep as much as possible. These two conflicting requirements 
on the loss power can only be fulfilled simultaneously by providing an 
accurate measurement of the plasma heating power (ionic part of fusion 
power Pfus,ion, and auxiliary power Pext) together with the core plasma 
radiation power Prad,core, and controlling their difference according to 
the relation 

Psep = Pfus,ion + Pext − Prad,core −
∂W
∂t

= fLHPLH (1)  

where the enhancement factor fLH should be kept somewhat above unity 
(fLH ~ 1.2) for stable H mode operation. In order to fulfil this condition 
for a DEMO tokamak with about 2 GW thermal power and an LH power 
threshold in the order of 100…150 MW (with a significant uncertainty at 
present which ideally will be reduced as the threshold scaling becomes 
more robust), the core radiation power typically has to amount 60… 
70% of the total plasma heating power. This makes the quantity Psep a 
small difference of big numbers, with significant uncertainty as arising 
from the limited measurement accuracies for Pheat, Prad,core and the time 
derivative of the plasma energy W. 

The main plasma diagnostics providing the signals for the control of 
Pfus and Psep are the neutron flux and the total radiation power mea
surements, respectively. In order to achieve reliable signals for the 
control purposes, the neutron flux can be calibrated against data from 
activation foils (via accurate neutron transport models and simulations) 
and it can be in-situ cross-calibrated over long timescales against the 
measured thermal power transferred by the blanket and divertor cooling 
systems and the real-time activation of the first wall and/or divertor 
coolant, e.g. 16N if the coolant contains oxygen. For the total plasma 
radiation power Prad on DEMO, a stable absolute calibration of the 
measured signals cannot be guaranteed over long time. However, a 
relative calibration with respect to the H mode power threshold can be 
obtained by monitoring the radiation power signals during an LH- or HL- 
transition in the discharge, which is detectable e.g. via the temporal 
evolution of the radial density profile using reflectometry. A consistency 
check of these Prad signals and a possible correction according to 
different impurity mixtures in the plasma can be achieved by providing 
additional measurements, e.g. a detailed spectroscopic analysis, 
together with on-line impurity transport and radiation modelling of the 
various contributions to core plasma radiation, where the measured 
plasma density and temperature profiles should be used as input. The 
achievable accuracy for these measurements and their calibrations, as 
well as the overshooting responses by the plasma to control actions, will 
inevitably result in some variation of Psep during controlled operation. 

The physics requirements for kinetic control points 3.2b) and 3.2c) 
above have therefore been formulated such that well defined deviations 
below the damage threshold of the machine are permitted for a limited 
period. Whether the formulations of the first four kinetic requirements 
would result in wall loads that are compatible with the heat load 
capability of the first wall and divertor under all possible conditions, still 
needs to be elaborated. 

On the actuator side, the power balance and core radiation level can 
be adjusted by using impurity injection into the plasma core, fuel in
jection and auxiliary heating, where the latter is in particular applicable 
if a fast increase of heating power or a fast reduction of the radiated 
power fraction is needed (e.g. to counteract against an unwanted in
crease of plasma radiation and the subsequent reduction of Psep arising 
from an impurity event). It should be noted here that the time response 
of impurity gas injection may be rather slow due to the long length of gas 
tubes between the valve and the injection point. As an alternative, pellet 
injection or laser ablation techniques would provide faster response, but 
at the expense of significant uncertainty of the amount of injected im
purities. In both cases, the achievement of a viable working feedback 
control of impurity radiation for both core plasma and divertor plasma 
may be challenging. 

According to the current understanding of plasma confinement, the 
predicted plasma pressure on DEMO will remain safely below the beta 
limit. In this sense, control of plasma pressure against the beta limit 
would already be assured by controlling fusion power within certain 
limits. On the time scale of the particle confinement time (in the order of 
τp ~ 30 s for DEMO conditions [58]), the fusion power can be adjusted 
by replacing DT pellet injection into the core plasma by a number of D2 
pellets (change of DT ratio) or by helium gas injection (dilution of the DT 
fuel), by impurity pellet injection (temperature decrease via radiation 
cooling) or by reducing the plasma density and hence the fuel ion 
density. The reduction of the plasma shaping (elongation, triangularity), 
already mentioned in section 3.1 above, would provide a somewhat 
faster approach to reduce Pfus. All these options will be further analysed 
by simulations using a “flight simulator” kinetic code coupled to an 
equilibrium control code [11]. All these options will also be further 
assessed with regard to their compatibility to the tritium reprocessing 
[59] and to the stable operation of the chosen plasma scenario in terms 
of the acceptable range for Psep and for the divertor loads. 

The maximum target value for the plasma beta (requirement 3.2e) 
given above) has been defined to account for the current understanding 
of the required control margins. For the purpose of this plasma pressure 
limitation, a measurement of the diamagnetic energy will be performed 
via diamagnetic loops. This magnetic measurement will be amended by 
deriving a coarse electron temperature profile from ECE measurements 
(limited to the radial region where the electron density is high enough), 
and by deriving an ion temperature profile from gamma and neutron 
spectra, also taking into account high resolution X-ray spectra from the 
plasma centre. The plasma density profile follows from reflectometry 
and IR interferometry/polarimetry. The knowledge of plasma density 
and temperature profiles will not only improve the knowledge of the 
plasma energy (via integrated data analysis), but also allow performing 
a consistency-check of the fusion power and radiation power profiles in 
the plasma and thus enhance the robustness of the control concept. 

If the plasma scenario would require a certain toroidal plasma 
rotation, an additional physics requirement would need to be added. 
Plasma rotation could be measured via the Doppler shift of high reso
lution X-ray spectra under the condition that the observation direction 
would have a horizontal inclination angle of, say, more than 10-15 de
grees against the poloidal plane. Installing inclined lines of sight for X- 
ray spectroscopy would however increase the complexity and space 
occupation for this measurement as compared to the currently planned 
radial view installation. An alternative option could be collective 
Thomson scattering, which could potentially provide information on the 
ion velocity distribution and hence on the ion temperature and plasma 
rotation [60]. From the actuator side, neutral beam injection (NBI) 
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heating at an appropriate injection angle could be used to apply some 
torque to the plasma, where the feasibility of this approach under DEMO 
conditions is subject to further investigations. However, recently a de
cision was made to assume only electron cyclotron resonance heating 
(ECRH) as the baseline heating method during the next few years of 
development of EU DEMO, in order to focus resources on the heating 
system which is deemed as the closest to implementation, while still 
being capable of fulfilling the physics needs [61]. 

Within the divertor, the heat flux to each of the target plates has to be 
kept below the damage threshold. The current baseline foresees a 
strongly “detached” plasma state in front of the divertor, where the 
plasma temperature near the strike point is smaller than about 2 eV, and 
the particle density is accordingly high, such that only a partially ionized 
or even predominantly neutral particle zone exists in front of the target 
plates, which distributes the impinging heat loads onto a larger area and 
minimizes the target erosion [62]. 

The proposed approach for measurements for divertor detachment 
control is threefold: First of all, a spectroscopic analysis of the divertor 
plasma in front of the target plates is foreseen to identify the existence of 
a cold plasma zone (electron temperature Te < 2 eV) and/or to deter
mine the location of the ionization front of the detached plasma. The 
details regarding the decisive spectroscopic signature (selection of 
spectral lines or line shapes to be monitored; geometry of lines of sight) 
still need to be quantitatively verified, once a detailed control-oriented 
model of the divertor plasma becomes available. A preliminary analysis 
however indicates that the monitoring of high Balmer transitions of 
neutral hydrogen isotopes near the strike point could provide a prom
ising signature of strong detachment (high density recombining plasma) 
via high line intensities together with Stark broadening, as was shown 
on Alcator [63] and JET [64]. An alternative promising spectroscopic 
signature of detachment has been demonstrated on TCV, where the 
Multispectral Advanced Narrowband Tokamak Imaging System 
(MANTIS) was used to detect a significant change in the geometric ra
diation pattern (“detachment front”) in the divertor between attached 
and detached phases [65,66]. Secondly, the divertor thermo-currents 
shall be measured, which are related to the sheath voltage at the 
target plate and hence should drop almost to zero under conditions of 
low electron temperature near the target plates [67]. As a third 
approach, infrared thermography [68] will be employed to measure the 
local temperature distribution along the target plate. This third 
approach has the disadvantage that the “signal” is only received when 
the heating of the wall has already happened, i.e. the remaining time for 
corrective control actions is reduced accordingly. The spectroscopic and 
IR measurements will be implemented via first mirrors installed in the 
equatorial ports, such that the installation of optical components in the 
“dusty” divertor environment is avoided. Since the operational ranges of 
core plasma and divertor plasma are strongly linked, also the measured 
neutron flux can contribute to divertor control: an increase of neutron 
flux would indicate an increase of fusion power, which with some delay 
(slowing-down time of fusion alpha particles) would translate into a 
change of plasma heating power, and finally, with another delay given 
by energy confinement time, would lead to an increase of Psep and power 
flow towards the divertor. Thus, a measured increase of neutron flux can 
already be used as input for control actions for the divertor plasma, to be 
undertaken earlier than the actual detachment measurements would 
allow. 

The prime actuators for divertor plasma control are impurity and fuel 
injection into the edge and divertor plasma, and the control of the up
stream (separatrix) plasma conditions, measured by reflectometry. The 
interrelation between the H mode control and the divertor power con
trol, with partially contradicting requirements, the non-linear and in
direct approaches for measurements, long time constants and/or 
inaccurate actuator response (impurity injection) and the rapid devel
opment of wall damage (erosion and melting) in case of failure, make 
this aspect of DEMO plasma control one of the most challenging ones. 

In order to validate the applicability of the proposed kinetic control 

approach, a DEMO ‘flight simulator’ has been realized using the Auto
mated System for TRansport Analysis (ASTRA) code [69] as plasma and 
a Simulink control environment to study control strategies, also taking 
into account simplified but realistic models of the physics (e.g. [48]) as 
well as the sensors and actuators as they emerge in WPDC and other 
EUROfusion work packages [53]. Different control schemes will be 
assessed by comparing their relative performance. This will also include 
the application of estimation methods to derive the plasma state from a 
different set of measurements, as well as advanced control methods 
where the plasma evolution is predicted in real time to improve the 
characterization of the plasma ‘state’ during the discharge [70,71]. In an 
iterative process, these studies will set the requirements for diagnostics 
and actuators, but will also point out in which parameter space the 
DEMO operational point can be controlled using realistic assumptions 
about the sensor and actuator performance. 

Using this simulation code [53,72], the interplay between core and 
divertor radiation control has been simulated for two different assumed 
cases of argon compression (“enrichment”) between core and divertor 
plasma, see Fig. 3 [73]. While for stronger enrichment (lower argon 
concentration in core plasma) the prescribed reattachment of the plasma 
can be controlled by adding argon into the divertor, the same approach 
fails in case of lower enrichment, since here the leaking of argon into the 
core plasma causes an HL transition, followed by a loss of control. 

3.3. Remedies for instabilities and unforeseen events 

Instabilities and unforeseen events are of major concern for the 
operation of DEMO, since they may ultimately lead to disruptions, 
which in turn have a significant potential to damage the machine. 

The physics requirements for instability and event handling are not 
yet very detailed at this stage. They will be amended once further in
formation becomes available. For the moment we can already define the 
following points: 

3.3a) In case of island formation in the plasma, an island width of 
w = 6 cm should be clearly detectable by the control system within less 
than 0.1 seconds. 

3.3b) The control system should be able to recognize any unplanned 
increase of plasma radiation greater than dPrad/dt > 0.1 Wkin/τE

2 (“im
purity events”) within less than 0.2 seconds. 

Fig. 3. Simulation of divertor detachment control after prescribed reattach
ment: sim1 with assumed argon enrichment factor 20; sim2 with enrichment 
factor 15 [73]. 

W. Biel et al.                                                                                                                                                                                                                                     



Fusion Engineering and Design 179 (2022) 113122

10

3.3c) The DEMO plasma should be ELM-free, or the ELMs should be 
smaller than 1 percent of the “natural ELMs” such that the deposited 
energy density onto the target plate remains below 0.1 MJ/m2 per ELM. 

Here, Prad denotes the power radiated from the plasma, Wkin the ki
netic energy content and τE the energy confinement time of the plasma. 
The numbers given in the first requirement follow from the results of 
performance studies (simulations) on the expected measurement per
formance of ECE diagnostics on DEMO, taking into account the need to 
minimize the island size in order to minimize the required control 
(heating) power to be applied [74]. As an example, the mean detection 
time for rotating islands in the plasma is shown in Fig. 4 as a function of 
the mode rotation frequency, with the island size as parameter. An early 
mode detection within a time of less than 20 ms is possible if the mode is 
6 cm wide and rotating with a frequency of at least 30 Hz. 

In these simulations, however, beam broadening, deviation and la
tency effects as induced by plasma turbulence and by actuator properties 
(accuracy of ECRH steering mirrors etc.) have not been included so far, 
so that future updates are to be expected. 

The second requirement is related to the speed and accuracy which is 
currently assumed to be achievable by spectroscopy and radiation 
measurements on DEMO, from which a detailed knowledge of the im
purity situation in the plasma can be derived. The given numbers 
translate practically into an ambitious requirement for the spectroscopic 
system to be able to identify intensity changes of impurity radiation of 
one percent with a time delay (integration time and analysis) of not 
more than 0.2 sec. An early detection of impurity events is desirable to 
be able to counteract them, e.g. via auxiliary heating (avoiding radiation 
induced disruptions). Finally, the ELM requirement implies that tran
sient heat loads in the divertor would have to stay below the limit of 
surface crack formation [75] in the tungsten divertor target, which is a 
factor ~ 10 lower than the melting threshold of tungsten. 

Extensive studies on JET have shown that a fraction of several 
percent of disruptions remains without clear explanation [76], and that 
a fraction of several percent of upcoming disruptions is recognized too 
late for effective mitigation actions [77]. A few more general issues on 
disruptions are listed below in chapter 6. From the control point of view, 
it is important to work towards an early and reliable recognition of 
plasma conditions which may lead to disruptions, to provide means to 
avoid disruptions, and ultimately to provide means to mitigate a 
disruption if it cannot be avoided. Typical sensors for imminent dis
ruptions which are used today [78] will be all available on DEMO, but 
their latency will be somewhat larger as compared to medium sized 
experimental tokamaks like ASDEX-Upgrade or TCV, because of the 
mounting position of some diagnostics set well back behind the blanket 
(see details below). Moreover, the possible reaction time for disruption 
mitigation will be much longer than on medium sized tokamaks, since 

on DEMO the matter injection system (e.g. shattered pellet injector or 
massive gas injection system) would need to be installed in a location set 
back behind the blanket in order to ensure sufficient component lifetime 
and operational reliability within the neutron environment. It will 
remain an important open issue for the further development of the 
DEMO physics basis [10,13] to provide a plasma scenario with suffi
ciently reduced disruptivity, to develop the DEMO device as a whole 
towards stable operation with almost no disruptions and to achieve a 
design which provides a certain level of resilience towards some low 
number of disruptions that cannot be avoided. Also, the control strategy 
will have to focus on clearly identifying the plasma state and reacting in 
a proper manner once this state is left, i.e. a strong focus will be on 
avoidance at an early stage, initiating a shutdown at loss of controlla
bility rather than reacting only when MHD instabilities develop. 

As a next step it is planned to develop a supervisory controller for 
DEMO to handle events, allocating actuators in real-time. This is 
particularly important in case of exceptions, which are events that 
require changing the control approach, such as switching to use of a 
controller that employs a different actuator or changing the control goal. 
Exception handling requires the definition of the set of exceptions and 
the development of an automated exception handling approach. One of 
the problems is managing complexity, since even a concise definition of 
exceptions will result in a very large number of them. Many re
quirements for controllers used to execute handling policies are similar 
to those of nominal control, but there are some important additional 
constraints: robustness of the new control is paramount, even at the 
expense of performance. In this framework, model-based predictive 
control could determine, based on a set of constraints, what the opti
mum transition is between the initial system state when the exception 
occurs and a specified stable target system state. 

High confinement plasma scenarios with a large gradient of the 
plasma pressure near the separatrix often exhibit edge localized modes 
(ELMs), i.e. an instability which periodically expels up to 20 percent of 
the pedestal energy within a short time scale to the plasma-wetted parts 
of the first wall. To estimate the situation for DEMO, we assume a typical 
pedestal energy of Wped ~ 300 MJ, an ELM duration of τELM ~ 0.2 ms and 
an ELM energy deposition width at the divertor of ~ 20 cm (i.e. 
spreading of the energy deposition in the divertor by a factor 4 as 
compared to the stationary heat distribution [79]). Under these as
sumptions, the maximum heat impact factor reaches 

ηELM ∼ 0.2 Wped

/(
Aeff

̅̅̅̅̅̅̅̅̅τELM
√ )

∼ 240
MJ

m2 ̅̅
s

√ ,

exceeding the limits for surface damage (crack formation) for bulk 
tungsten [80] by a factor 40-80. ELM mitigation factors of this magni
tude within ELMing discharges have not yet been demonstrated exper
imentally over long periods so far [81]. A caveat is that the numbers 
above were derived assuming that ELMs always ‘burn through’ the de
tached divertor and deposit their full energy; so it is at present not clear 
what fraction of the energy can be buffered by the detached divertor in 
DEMO. Clearly, the avoidance or mitigation of ELMs down to tolerable 
levels represents a significant challenge for plasma control, aiming for 
reliable operation over a large number of long discharges. It is currently 
assumed that for DEMO a plasma scenario will become available which 
is either free from ELMs or which exhibit only small ELMs, such that 
ELM mitigation techniques can be applied in order to meet the re
quirements for the maximum transient loads to the divertor and first 
wall, see e.g. [10]. Candidate actuators for ELM mitigation are the pellet 
injection and edge perturbations induced by resonant magnetic pertur
bation coils [81,82]. 

Within the current WPDC project, the specific developments towards 
control of all core MHD instabilities are still in an early stage. Clearly, a 
good spatial coverage by diagnostics with high temporal and spatial 
resolution will be needed to be able to detect any MHD modes suffi
ciently early. The ECE diagnostic in a “quasi-inline” configuration with Fig. 4. Mean mode detection time simulated for different mode size and 

rotation frequencies. 
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ECRH localised current drive is foreseen as the primary approach for 
mode control, however, an initial analysis shows that only rotating 
modes above a certain rotation speed can be detected early enough with 
this method. Other diagnostics may contribute to MHD mode detection 
as well, in particular in-vessel coil based magnetic sensors, microwave 
reflectometry, radiation power / soft x-ray (SXR) measurements, 
infrared interferometry/polarimetry, and perhaps the neutron/gamma 
diagnostics. 

Impurity events represent a major issue of concern for DEMO control, 
since already the addition of a few milligrams of the dominant first wall 
element tungsten to the core plasma may drive the radiation level above 
the limit and hence trigger a disruption. Fast detection of changes in the 
tungsten radiation level in the plasma edge region is foreseen by vacuum 
ultra-violet (VUV) spectroscopy. The possible counter-measures are the 
reduction of impurity seeding and the increase of auxiliary heating. First 
numerical studies have been undertaken [53] and are being further 
refined to explore the limits. 

4. Initial suite of diagnostics for DEMO plasma control and their 
integration in DEMO 

The current suite of diagnostics for plasma control on DEMO has 
been chosen after reviewing the diagnostics foreseen for ITER, according 
to several criteria. First of all, diagnostic methods have been selected 
according to their technical simplicity and robustness, in the sense of 
low vulnerability (high durability) of the required most forward 
mounted components in the presence of the adverse effects arising from 
irradiation, particle fluxes, and thermal and mechanical loads in DEMO. 
The second goal has been to provide a full coverage of the plasma 
control issues with sufficient redundancy both in terms of number of 
methods and diagnostic channels or lines of sight, in order to obtain 
reliable information on the plasma status under all foreseeable plasma 
conditions, and even under circumstances where a number of sub
systems or channels would fail. Finally, some more general issues like 
the compatibility of the required in-vessel diagnostic components to 
remote handling were taken into account. The list of all diagnostic 
methods and channels is presented in table 3. 

Some details of this suite of diagnostics and their integration ap
proaches will be further elaborated in the following. 

4.1. Introduction to diagnostic integration approaches on DEMO 

For the in-vessel integration of diagnostics into the DEMO tokamak, 
several key approaches are foreseen. First, five or six of the 16 equatorial 
port plugs (EP) located on the horizontal mid-plane of the tokamak are 
reserved for integration of diagnostics and related components [83]. 
Second, a limited amount of space is assumed to be available for diag
nostic integration in several of the vertical ports (VP) located on the top 
side of the machine. Within these port plugs (EP and VP), it is foreseen to 
integrate diagnostic components such as first wall apertures allowing 
access to the plasma, diagnostic ducts providing penetrations e.g. for 
light or neutrons to pass through, as well as metallic mirrors and mirror 
holders, waveguides and cabling. Third, the diagnostic slim cassette 
approach has been developed as a modular approach for the integration 
of those diagnostics which require access to the plasma from a wide 
range of poloidal locations [84], which is the case e.g. for microwave 
reflectometry and magnetic sensors. Finally, a thermo-current mea
surement will be implemented in the divertor cassette, where three 
different options are being evaluated [85,86]. 

4.2. Magnetic diagnostics 

4.2.1. Purpose of measurements 
As already discussed in Section 3.1., magnetic diagnostics (coil based 

and Hall sensors) have a wide range of applications, comprising the 
measurement of plasma position and shape, the diamagnetic energy, 

Table 3 
Overview on all diagnostic methods and channels foreseen for plasma control on 
DEMO (EP: equatorial port plug; VP vertical port plug; DSC diagnostic slim 
cassette).  

Diagnostic method Measurement role Number of channels / 
detectors / lines of 
sights 

Inner vessel 
tangential and 
normal pick-up 
coils 

Plasma current and plasma 
centroid position. 
Vertical speed. Shape and 
Equilibrium. 

2 × 4 × 30 

Outer vessel 
tangential and 
normal pick-up 
coils 

Plasma current and plasma 
centroid position. 
Vertical speed. Shape and 
Equilibrium. 

2 × 4 × 69 

Outer vessel flux 
loops 

Shape + equilibrium. Loop 
voltage. Eddy currents. 

8 

Inner vessel flux 
loops 

Shape + equilibrium. Loop 
voltage. Eddy currents. 

6 

Inner vessel 
diamagnetic loops 

Plasma magnetic energy. 4 

Outer vessel 
diamagnetic loops 

Plasma magnetic energy. 4 

Outer vessel 
Rogowski coils 

Plasma current 4 

Inner vessel Hall 
sensors 

Plasma current and plasma 
centroid position. 
Vertical speed. 
Shape + equilibrium. 

2 × 4 × 30 

Outer vessel Hall 
sensors 

Plasma current and plasma 
centroid position. 
Vertical speed. 
Shape + equilibrium. 

2 × 4 × 69 

Outer vessel Faraday 
sensors 

Plasma current and plasma 
centroid position. 
Shape + equilibrium. 

to be defined 

Neutron camera Neutron flux measurement, from 
which fusion power, vertical and 
radial position can be derived. 
Neutron spectroscopy from which 
fuel ion ratio and ion temperature 
can be derived. 

2 x (13 + 12) = 50 
(EP + VP) 

Gamma detectors Measurement of the gamma-ray 
spectra in the 16-20 MeV region 
(yielding information on fusion 
power and DT ratio) 

5-10 channels if well 
justified 

MW reflectometry Evaluating the position of the 
separatrix (or another peripheric 
density layer) for reconstruction 
of the shape and position of the 
plasma. 

2 × 5 × 16 (DSC) 

Electron cyclotron 
emission 

To measure the electron 
temperature and associated 
temperature fluctuations. MHD 
instability control (magnetic 
islands) in conjunction with 
Electron Cyclotron Current Drive 
(ECCD) 

2 × 4 (to be 
confirmed) 

IR polarimetry/ 
interferometry 

Density control (core and edge); 
MHD detection; vertical position 
control during start phase. 

1 × 9 (EP) 

Divertor thermo- 
current 
measurements 

Power exhaust control, measuring 
current flowing to divertor target 
plates, and sheath induced voltage 
for detachment control 

48 div. cassettes, 
coolant tubes as shunt 
resistor 

Radiation power 
(core) 

Core plasma radiation power, for 
control of Psep MHD control; 
suppl. for plasma position control 

2 x (13+ 12) = 50 
(EP + VP) 

X Ray spectroscopy 
(core) 

Line radiation and core plasma 
concentrations of Kr, Xe and W. 
Contributes to Ti measurement. 

2 × 3 (EP) 

VUV spectroscopy 
(core) 

Line radiation and concentrations 
of all relevant impurities. 

2 × 4 (EP) 

VUV spectroscopy 
(edge) 

Fast control of the seeded 
impurity. Line radiation and 
concentrations of all relevant 
impurity species (from He to W). 

2 × 3 (EP) +2 × 2 × 3 
(VP) 

2 x (2 + 3) (EP) 

(continued on next page) 
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plasma current, loop voltage and the detection of MHD modes and 
instabilities. 

4.2.2. Integration of magnetic diagnostics in DEMO 
Magnetic pick-up and/or saddle coils will be integrated into the 

machine at well shielded locations behind the blanket or an equivalent 
shielding block. In order to achieve good poloidal resolution and provide 
some capability to detect toroidal variations, 30 poloidal locations at 
each of 4 toroidal locations are foreseen to be equipped with one radially 
and one poloidally oriented in-vessel sensor. At the proposed mounting 
locations the expected time resolution will be somewhat reduced by the 
eddy current shielding due to the metallic material between plasma and 
sensors, but still fast enough to be used for plasma position and shape 
control, as initial simulations using the CREATE equilibrium code [39] 
show. Such magnetic sensors consist of cabling and metallic housing, as 
well as ceramic insulators. The adverse effects arising from neutron and 
gamma irradiation on DEMO will be stronger than on ITER, as previ
ously discussed. Moreover, the spurious voltages arising e. g. from 
thermoelectric effects (e. g. RITES, TIEMF) from these will be 
time-integrated over the long discharge duration on DEMO, which may 
appear as a slowly varying drift of the evaluated signals over time. 
Hence the applicability and durability of these sensors under DEMO 
conditions and the long-term stability of measured signals from in vessel 
inductive sensors needs to be clarified. 

Low Temperature Co-fired Ceramic (LTCC) [87] or Thick Printed 
Copper (TPC) [88] are candidate technologies for the manufacturing of 
inductive sensors, while the cable connections can be based on the 
Mineral Insulated Cable (MIC) concept which has been adopted for ITER 
[89]. 

For the integration of these magnetic pick-up or saddle coil di
agnostics, a modular approach has to be developed, since otherwise the 
individual treatment of the multitude of components and their attach
ment points in the machine would make any maintenance work much 
too time-consuming. For this reason, a crescentic support frame is under 
consideration, which would carry a number of sensors together with 
their cabling, and be mounted as one part either to the blanket system or 
to the inner vessel wall. Depending on the geometry of such support 
structure, the cables would be routed towards feedthroughs located at 
vertical or equatorial ports. Integration details such as cable attach
ments, sensor and cable cooling and the durability against forces during 
disruptions are still to be defined. 

Another large number of magnetic coil based diagnostics will be 
mounted outside the vacuum vessel, where the irradiation level and 
resulting spurious voltages are much lower than for in-vessel installa
tion. Due to the strong eddy-current shielding from the vessel, these ex- 
vessel sensors will have a low time resolution and therefore cannot 
replace the role of in-vessel sensors for equilibrium control. These ex- 
vessel measurements would rather be used as a slow but precise 
backup measurement, which can e.g. be used for calibration purposes of 
the in-vessel diagnostics (e.g. integrators). The poloidal distance be
tween neighbouring ex-vessel pickup coils is chosen to be similar to the 
distance of neighbouring in-vessel coils, resulting in 69 poloidal posi
tions per toroidal location. With 4 toroidal positions, and one radially 

and one poloidally oriented ex-vessel coil per position, the total set 
comprises 552 pick-up coils, or 276 pick-up coils and 276 saddle coils. In 
addition, a number of Rogowski coils are foreseen for plasma current 
measurement [90], diamagnetic loops for measurement of the diamag
netic energy of the plasma, and flux loops for the measurement of the 
loop voltage. 

It should be noted here that on ITER quite a number of additional in- 
vessel magnetic sensors will be mounted for technical purposes such as 
the measurement of halo or eddy currents in the blanket or divertor 
modules, which may be generated by disruptions. Such sensors are not 
foreseen as part of the plasma D&C concept for normal operation in 
DEMO, and are hence not treated here. However, if they will be needed 
on DEMO, they will be subject to strong deterioration from irradiation 
effects and hence their implementation on DEMO will not be 
straightforward. 

Along with the in-vessel inductive sensors, a similar number of up to 
240 in-vessel Hall sensors may be integrated into the vacuum vessel. 
Technically, the development of an integrated magnetic sensor con
sisting of one inductive and one Hall sensor (or 2 by 2, with radial and 
poloidal orientation) is under consideration. Compared to coil-based 
magnetic measurements, Hall sensors do not need any time integra
tion of signals and hence could provide stable measurements of the 
magnetic field over long times. However, technical issues with the 
temperature dependence of the Hall constant and with the low level of 
Hall signal for sensors based on thin metal films need to be clarified and 
resolved [91,92,93]. Specifically, the necessary correction of the tem
perature dependence of the Hall constant will require an accurate 
measurement of the local temperature of the sensor. Thus, for each Hall 
sensor a number of six cable wires has to be provided. As with coil based 
magnetic diagnostics, the long-term applicability of in-vessel Hall sen
sors will depend on the durability against DEMO relevant loads, which 
still needs to be demonstrated. In addition, up to 552 ex-vessel Hall 
sensors are foreseen, which are meant to provide long-term stable sig
nals without suffering from the degradation arising from neutron irra
diation. However, the time resolution of the resulting measured signals 
from ex-vessel Hall sensors is reduced by the eddy current shielding from 
the thick vacuum vessel. The metallic Hall sensors under discussion here 
consist of a thin metal film (e.g. bismuth [91], gold [94] or chromium 
[95]) on a ceramics substrate (Si3N4, AlN or Al2O3), as well as the 
cabling (copper, with ceramics insulators). An experimental real-time 
testing of the endurance of Hall sensors based on the high-temperature 
nanosized metal gold films has been performed directly in the process 
of their irradiation with reactor neutrons up to DEMO-relevant fluence 
[94]. The results confirm the reliable stability of signals of gold sensors 
in a DEMO-relevant radiation environment up to a fluence of 1024 n/m2, 
and demonstrate that such values are not yet the limit. In addition, 
bismuth Hall sensors were tested before and after irradiation, and found 
to be sufficiently durable against neutron radiation levels up to 
2.5 × 1022 n/m2 [91], while this level of the neutron fluence is not the 
limit. The natural limit for the maximum operational temperature of 
pure bismuth based Hall sensors is the melting temperature of Bi of 
271.4 ◦C, however this limit was overcome by adding a small fraction of 
copper or antimony [92]. In an experiment using a Bi70Sb30 mixture, a 
Hall sensor has been operated up to a temperature of 390 ◦C without 
melting. 

In accordance with preliminary estimations of neutron fluxes and 
fluence for 6 full power years at the Hall sensors locations [30], three 
groups of areas can be distinguished in DEMO depending on the level of 
expected fluence. These include: Group I with fluence of (1020-1022) 
n/m2 - six ex-vessel areas in which magnetic diagnostics can be provided 
with metal sensors based on bismuth and semiconductor sensors based 
on thin InAs films; Group II with (1024 - 1026) n/m2 - four in-vessel areas 
and one ex-vessel area near the divertor, in which sensors based on gold 
nanofilms can be used; Group III with (1025 - 1026) n/m2 - three areas 
with maximum fluence, where the sensors based on gold nanofilms and 
other materials that are currently being studied can be used. R&D in the 

Table 3 (continued ) 

IR/VIS/nearUV 
divertor 
spectroscopy 

Detachment control (position of 
ionisation front; impurity seeding 
into divertor); divertor 
thermography 

VIS spectroscopy 
and thermography 
(limiters) 

Monitoring of protection limiters 4 (EP) 

H_alpha monitoring 
of pellet injection 

Control of pellet success 1 for each of the 2 
pellet injection 
regions (EP) 

Collective Thomson 
Scattering 

Fast ion density and velocity 
distribution 

to be defined  
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area of Hall sensors has been accompanied by intense research on con
trol electronics implementing advanced features including synchronous 
detection, a current spinning technique, offset cancellation circuitry etc. 
[96] which are essential to cope with the low signal levels of most 
metallic Hall sensors to be operated in the noisy environment of DEMO. 

For the future, R&D on the development of radiation hard prototype 
magnetic sensors is foreseen, followed by irradiation testing with an 
appropriate neutron source for a fluence in the order of up to 1025 n/m2, 
which is the relevant range for a sensor location on DEMO behind the 
blanket. 

In addition to the magnetic induction and Hall effect, the Faraday 
effect can be used to measure the magnetic field strength. Faraday 
sensors determine the rotation angle of the polarization of a laser beam 
passing through a transparent material with a high Verdet constant. A 
Faraday diagnostic for the measurement of the plasma current, based on 
spun fibres installed around the vacuum vessel, is under development 
for ITER [97]. Quite recently, an initial study has been started to explore 
the applicability of this method for DEMO, and results will be presented 
in a future paper. 

4.3. Microwave diagnostics (MW reflectometry and ECE) 

4.3.1. Purpose of measurements 
Microwave reflectometry will be used on DEMO for the measurement 

of the plasma density in the gradient region (control of pedestal top 
density with respect to the density limit) as well as for the position of the 
plasma boundary (gap control). An initial concept assessment was 
published in [98]. The plasma (electron) temperature profile will be 
measured via ECE, limited to the plasma region where the electron 
density is high enough to provide optical thickness. Additionally, both 
measurements have important capabilities for the fast detection of 
rotating MHD modes and instabilities in the plasma. 

4.3.2. Integration of microwave diagnostics in DEMO 
The frontend components for both MW reflectometry and ECE 

measurements consist of metallic horn antennae and waveguides. The 
irradiation conditions and thermal loads acting onto these MW com
ponents will be similar to those for the blanket first wall (antennae only 
slightly set back from the first wall level). Thus, if the front part of these 
MW components would be made from Eurofer (ferritic steel) with 
tungsten coating for providing reasonable electrical conductivity, which 
is the material choice for the blanket and first wall, a component lifetime 
similar to the blanket lifetime could be expected. Other material choices 
such as copper or alloys with high conductivity would provide some
what lower microwave attenuation (typically about 0.2 dB/m for stan
dard sized small waveguides) but the durability of such material 
combinations near the first wall location of DEMO needs to be verified. 
The MW components will be actively cooled using a cooling concept 
similar to that of the blanket to keep their temperatures within the 
operational range for the materials used. With this technical approach, it 
is expected that the lifetime of MW antennae will be similar to the 
lifetime of the blanket. 

Microwave (MW) reflectometry measurements are foreseen for 16 
different locations around a poloidal circumference. This installation 
will be duplicated in another sector in order to provide redundancy. 
Near the mid-plane of the plasma, the “single pair” approach for emit
ting and receiving antennae will provide good spatial resolution. How
ever, near the upper and lower side, the curvature of the plasma 
(variation of incidence angles) will cause significant problems for the 
operation and accuracy of reflectometry measurements. Here, each 
measurement location will require 4-6 antennae to ensure that the re
flected beam is captured by at least one of these antennae, even under 
conditions of unusually large plasma-wall distance, plasma displace
ment or instabilities. Using spline methods for interpolation between 
neighbouring reflectometer locations, the overall accuracy of the 
boundary reconstruction can be somewhat improved and faulty 

measurements can be identified [99]. 
The primary integration approach is via the “dummy poloidal sec

tion” or diagnostic slim cassette (DSC) concept [84], i.e. two full 
banana-shaped housings (inboard and outboard) with a toroidal 
dimension of 20-30 cm, carrying the antennae and waveguides, and 
routing these waveguides towards the vertical port, see fig. 5. 

This dummy poloidal section might be integrated with an entire 
breeding blanket (BB) sector. Whenever the blanket will be exchanged, 
the microwave waveguides would be disconnected near the vertical port 
and the entire BB sector together with the dummy poloidal sector would 
be replaced using a similar procedure to that of the blanket banana 
exchange. A new BB sector would then be inserted and the waveguides 
connected again to the extensions via the vertical port [84]. A first 
analysis of this concept with regard to nuclear and thermal aspects was 
presented in [101], and an improved version in [102]. 

The possibilities and limitations of equilibrium control for DEMO 
based on microwave reflectometry shall be further analysed by simu
lation studies and demonstrated by validation experiments (R&D) on 
current tokamaks such as ASDEX-Upgrade. 

For the ECE measurements, which will be used for the measurement 
of the electron temperature profile and for MHD control, a sufficient 
spatial resolution can only be obtained when measuring from the 
outboard mid-plane side of the plasma [74]. At the current stage, two 
poloidal access locations (one equatorial, one at a poloidal angle close to 
or coincident with the electron cyclotron current drive (ECCD) system 
designed for neoclassical tearing mode (NTM) control) are suggested for 
each toroidal sector at four toroidal locations to preserve the capability 
of phase detection of n=2 toroidal number modes (8 lines of sight in 
total). ECE antennas with apertures of less than 100 mm diameter are 
envisaged, connected with transmission lines of ~60-90 mm inner 
diameter [103]. 

4.4. Spectroscopic and radiation measurements 

4.4.1. Purpose of measurements 
For the burn control in conjunction with power exhaust control, a 

precise measurement of the radiated power in the main plasma is needed 
in order to determine the power flux crossing the separatrix, Psep, see Eq. 

Fig. 5. DSC concept with reflectometer antennae and waveguides integrated 
therein [100]. 
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(1) in Section 3.2 above. Furthermore, for detachment control the ex
istence of a cold plasma region near the divertor target or an ionization 
front in the divertor plasma has to be monitored via a detailed spec
troscopic analysis of the divertor plasma. This analysis may also yield 
information on the local tungsten erosion rate in the strike point region 
of the divertor, which needs to be minimized in order to achieve high 
availability over long operational periods on DEMO. Direct measure
ment of the divertor target temperature via thermography is quite 
desirable as an additional route for heat load control, however, a 
detected temperature increase would only indicate with some delay that 
the heat load has already increased, such that the remaining time span 
for counter-actions by the control system is short. Thus, such tempera
ture increase may only serve as a back-up or as an ultimate triggering 
event to turn on the strike point sweeping. For any divertor views from 
the equatorial plane in the current DEMO configuration, it has to be 
noted that direct lines of sight towards the strike point region may not be 
achievable if a divertor dome of usual dimensions would be installed or 
if a “long-leg” (super-x) divertor geometry would be used (due to 
shadowing). For all divertor views, it remains to be clarified how far one 
can rely on the toroidal symmetry of divertor radiation, i.e. how many 
different toroidal locations should be monitored such that any over
loading of one of the divertor targets can be reliably excluded. 

To facilitate the feedback-control of the influx of gaseous seed im
purities (for radiation control), the intensities of their most prominent 
spectral lines should be measured, preferably from the edge plasma, 
since here the fastest response of signals can be achieved (due to the 
finite impurity transport time scales). Central accumulation of high Z 
impurities can be identified based on intensity ratios between spectral 
lines radiated from the plasma core and plasma edge, respectively, 
which requires using X-ray and VUV spectroscopy in order to access 
relevant ionization stages at the high plasma temperatures on DEMO. 
Moreover, the success rate of the pellet fuel injection will be monitored 
quantitatively via Hα measurements. Finally, the foreseen outer mid- 
plane limiters on DEMO may need to be monitored with respect to 
wall loads, erosion and wall temperature. The latter measurement may 
also serve as additional input to control the plasma shape and position, 
since any noticeable load during normal operation would indicate an 
insufficient distance of the plasma from the limiter. 

4.4.2. Integration of spectroscopic and radiation measurements in DEMO 
The most vulnerable front-end components of spectroscopic and ra

diation diagnostics are the first mirrors, which serve to collect the light 
from the plasma and reflect it in radial direction, where secondary 
mirrors may be located, finally guiding the light towards detectors or 
spectrometers, which will be located outside of the vacuum vessel. 
Considering the large neutral particle fluence expected on DEMO, the 
deterioration of mirror surfaces by erosion and deposition of plasma 
particles can only be minimized by mounting the mirrors behind long 
thin ducts with a large length-to-diameter L/D, and providing a dilute 
gas density within the duct to slow down incoming energetic particles 
via collisions. According to recent modelling results [104], the eroded 
and/or deposited layer can be kept smaller than about one tenth of the 
wavelength per full power year, if a duct with ratio of L/D > 40 is used in 
the infrared range, L/D > 50 in the visible and L/D > 80 in the VUV 
wavelength range, respectively, with a deuterium gas density in the 
order of 3 × 1019 m3 (equivalent to 0.1 Pa at room temperature) at the 
duct aperture facing the plasma. Additionally, the nuclear heating of the 
mirrors has to be limited to preserve the integrity of the optical imaging, 
even when assuming metallic mirrors with active cooling. These erosion 
and nuclear heating issues practically rule out the use of mirrors 
mounted in any forward position, and hence any wide-angle viewing or 
imaging optical schemes, such as those in the JET [105] and ITER 
wide-angle viewing systems [106] or the ITER core charge exchange 
recombination spectroscopy (CXRS) diagnostics [107,108], appear not 
to be feasible under these conditions. Wherever profile information or a 
wide coverage of large areas within the DEMO plasma are needed, these 

can only be accomplished by installing a number of individual narrow 
(large L/D) lines of sight, with all first and secondary mirrors mounted in 
set back positions. Following these considerations, front-end optical 
mirrors on DEMO will be typically installed at 1-2 meters distance from 
the aperture in the first wall, the latter with a diameter in the range of 
3-5 cm. For the material choice of these mirrors, in addition to the 
maximisation of reflectivity in the wavelength range of interest, also the 
resilience against adverse effects such as surface erosion, corrosion and 
high ambient temperatures have to be taken into account. The detailed 
material selection for optical mirrors on DEMO will need further anal
ysis in future, taking advantage e.g. from ITER results, and conducting 
dedicated R&D for DEMO first mirrors where needed. 

For the spectroscopic measurements listed in Table 3 above, a total of 
48 individual lines of sight is proposed in order to achieve the required 
spatial coverage for all foreseeable plasma conditions, and to obtain 
some level of redundancy to ensure reliable operation. The mirror sur
face materials have to be defined according to the wavelength range of 
interest. For the infrared (IR), visible (VIS) and near-ultraviolet (UV) 
wavelength range, single-crystalline rhodium appears to be a promising 
option, providing high reflectivity and good resilience against the 
ingress of hot water steam in case of leakage of a water cooling system 
[109]. The mirror systems for IR/VIS/UV spectroscopic systems for 
divertor, limiter and pellet observations are expected to be implemented 
in equatorial port plugs. Each line of sight typically consists of an 
aperture of a few cm diameter, followed by a set of 4-6 mirrors arranged 
to form a labyrinth in an equatorial port plug, thereby guiding the light 
to an exit window while inhibiting neutron streaming. In the port cell 
behind the port plug, the light can be separated into different wave
length ranges (IR, VIS, UV) by beam splitters and then relayed to spec
trometers and detectors located in more remote locations. The proposed 
spectroscopic views into the divertor region from an equatorial port plug 
are shown in Fig. 6. The entire plasma region between outer and inner 
divertor target can be monitored separated into three viewing systems 
(violet), while the radiation distribution along both divertor targets can 
be measured using two more views (in red). 

Some more details on the lines of sight, optical concepts, mechanical 
design and nuclear analysis have been published in [110,111,112]. 

In order to cover intense spectral lines from all relevant plasma im
purities, a set of vacuum ultraviolet (VUV) spectrometers will be used 
which cover the wavelength range from 4 nm up to 125 nm, divided into 
4 different wavelength bands arranged sequentially to provide good 
spectral resolution over the entire range. In this wavelength interval, 
mirrors have to be arranged with grazing incidence in order to achieve 
sufficiently high reflectivity. The design concept for the DEMO VUV 
spectrometers closely follows the approach used for similar systems 
developed for the stellarator Wendelstein 7-X [113] and the tokamak 

Fig. 6. Spectroscopic lines of sight for the divertor detachment control from an 
equatorial port plug. 
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ITER [114]. 
The design concept for high resolution X-Ray spectroscopy on DEMO 

also closely follows the developments in progress for ITER [115]. For 
these spectrometers, a perfect crystal (of quartz or silicon) will serve as 
the dispersive element, where the distance to the first wall could be at a 
distance of about 11 meters (duct length), so that radiation induced 
damage of that crystal should be of minor importance. The use of an 
additional broadband Bragg reflector mounted at 1-2 meters distance 
from the first wall is being considered as an option, which would allow 
deflecting the line of sight in order to keep the direct neutron streaming 
to the rear of the port at an acceptable level. The Bragg reflector rep
resents itself a relatively large crystal operating at a Bragg angle of 
10◦-30◦ and having a general form of a sinusoidal or logarithmic spiral. 
The major advantage of this complex shape is the following: an arbitrary 
point source of emission, placed for instance inside the Rowland circle of 
the Bragg reflector, is imaged as a narrow line on the Rowland circle at 
the detector. Such approach is currently considered in the next gener
ation of x-ray spectrometers for a laser produced plasma [116]. Such 
solution requires however a rather accurate matching between the Bragg 
reflector and the main crystal. 

The general approach for the IR/VIS/nearUV spectroscopic systems 
using pinhole apertures with a first mirror set back radially by a sig
nificant distance, while still allowing for some field of view, results in 
relatively large optical elements and large beam waists within the port 
plug region. Also the X-Ray spectroscopy requires a sizeable duct 
dimension, which is getting wider towards the first wall due to the 
angular dependence from Bragg reflection. This leads to a crowded sit
uation for the optical paths and components in an equatorial port plug, 
see Fig. 7. 

The only subsystem designed without any mirrors or Bragg reflectors 
is the core radiation power measurement, where 50 straight lines of 
sight (2 toroidal locations, 13 equatorial and 12 vertical lines of sight 
each) with detectors placed at locations of lower irradiation levels 
(behind the vacuum vessel or bioshield) are envisaged. The mounting of 
the detectors outside the vacuum vessel would facilitate replacement in 
case of failure. For traditional metal foil based bolometer detectors we 
can expect at such a location only very low signal intensities due to a 
very small étendue of the individual lines of sight. Therefore, semi
conductor type or gas detectors such as GEM detectors are currently 
under consideration as alternative to traditional bolometers. For the 
near future, R&D on comparative detector testing under DEMO relevant 
conditions is foreseen, in order to demonstrate that detector schemes 
other than the traditional bolometry are able to achieve sufficiently high 
accuracy for the control of the total radiated power. 

For many of the lines of sight, in particular involving all X-ray, VUV 
and total radiation measurements, vacuum extensions with high vacuum 
conditions are needed along the light paths up to the detectors, since the 
radiation would otherwise be absorbed by e.g. windows or by the gas in 
the lines. Assuming individual vacuum extensions for all channels of the 
radiation power measurement (core), while combining some of the VUV 

and X-ray channels into common vacuum systems, this results in more 
than 60 vacuum extensions beyond the port plug closure plates, of 
varying complexity. Window-type interfaces near the port plug plates 
may be applicable for the visible and infrared lines of sight, if a 
reasonable technical solution for the windows can be found. In the other 
case, vacuum extensions may be required for many of the visible and 
infrared lines of sight as well. Where such vacuum extensions transgress 
the tritium containment role of the vacuum vessel or cryostat, special 
safety provisions such as fast high reliability gate valves triggered by the 
machine safety system will be required. 

4.5. Polarimetry/interferometry 

4.5.1. Purpose of measurements 
Interferometry/Polarimetry can contribute to various aspects of the 

control scheme. The primary purpose will be to determine a coarse 
plasma density profile control, including the central density and the 
pedestal. In addition, the diagnostic can provide core plasma position 
information to the vertical stability controller during all phases of the 
discharge, including the break-down and ramp phases. 

4.5.2. Integration of polarimetry/interferometry in DEMO 
The geometry of the wavelength of the beam path will be similar to 

the ITER TIP (Toroidal Interferometer/Polarimeter) concept [117]. The 
alternative ITER PoPola (Poloidal Interferometer/Polarimeter) [118] 
approach has been ruled out since it would require optical components 
at the inboard side of the machine where the achievable duct length is 
too short to ensure long mirror lifetime, and where mirror service via 
remote maintenance is very difficult. In addition, the strong magnetic 
fields result in strong cross-coupling effects on the measured Faraday 
rotation due to the Cotton-Mouton-effect. These can be expected to 
occur simply because of manufacturing and alignment errors. 

Similar to the ITER TIP three mid-plane measurement beams lead 
from a single port-plug to the ports within sight to the side of the central 
column. This mid-plane array will be expanded by additional vertical 
measurement arrays symmetrically placed above and below the mid- 
plane cords, resulting in a total number of 9 beams. The vertical array 
will span a distance defined by the maximum port-plug-height 
(currently around ±1 m above and below the mid-plane). These addi
tional measurement cords will enable vertical stability control with 
measurement accuracy of the order of a centimetre during the burn- 
phase and “vertical-plasma-confinement” during the start-up phase. 
The latter refers to the plasma column being vertically “confined” to the 
area spanned by the vertical array. A few more physically different lines 
of sight may become available if retro-reflectors can be mounted in some 
of the vertical ports. These oblique lines of sight in the equatorial and 
vertical ports would however occupy a relatively large space (blocking 
the insertion of radial “drawers” into a major part of the affected port 
plugs). The implementation of a second set of identical beams on DEMO 
seems not possible due to space restrictions. The required overall reli
ability therefore has to be guaranteed via designing each of the nine 
interferometer beams with independent subsystems of very low failure 
rate (e.g. independent lasers for each beam). 

The wavelength of choice will be a 10 µm/5 µm combination. Higher 
wavelengths suffer from unacceptable levels of refraction, where the 
currently available laser sources have been considered. Lower wave
lengths bear a high risk, as the plasma facing mirrors have been shown to 
degrade significantly at those wavelengths. The plasma facing mirrors 
are set back by at least 1 m to 2 m from the plasma with metal tubes for 
additional protection. Similar to the mirrors for spectroscopy discussed 
in Section 4.4., the material choice will have to take into account the 
maximisation of reflectivity in the wavelength range of choice, and the 
resilience against adverse effects at the foreseen mounting locations. For 
the secondary mirrors which are set back further and hence will expe
rience lower loads, it is assumed that the requirements are somewhat 
relaxed and noble metals like Gold may be used to minimize reflection 

Fig. 7. Port plug integration study comprising X-Ray spectroscopy (light blue), 
divertor views (red and violet) and pellet monitoring (green). 
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losses. The window material of choice is zinc-selenide (ZnSe), as dia
mond has an unfavourable dip in the transmissivity at 5 µm. However, 
even though ZnSe is a fairly neutron resilient glass, it will have to be 
placed well away from the neutron irradiated zone to prevent darkening. 
The possibility of reducing the radiation-induced darkening of windows 
by continuous or intermittent heating to a few hundred degrees C will be 
considered. 

The system is currently thought to become a dispersion interferom
eter, due to the improved vibration compensation and resilience to 
certain phase drifts. It also offers the possibility to build a single pass 
system with laser and detector in completely different parts of the DEMO 
assembly, potentially reducing transmission losses and alleviating some 
of the construction constraints. However, the limited achievable fre
quency doubling efficiency as well as the high levels of transmission 
losses are issues to be investigated further. If the beam intensity prob
lems for the dispersion interferometer could not be solved, the alterna
tive option would be two-colour interferometry using two independent 
lasers. 

The combination with polarimetry is an option to recover from a 
signal loss and can be included in either the two-colour or the dispersion 
interferometer base. However, the effect of surface erosion and neutron 
irradiation on the polarization properties of the first mirror need to be 
investigated. Deposition is known to be a problem for polarization 
sensitive diagnostics such as Motional-Stark-Effect spectroscopy [119, 
120]. 

Both interferometry and polarimetry will suffer from significant 
levels of relativistic effects. Ray tracing simulations show that the 
interferometric phase error is expected to make up between 3 and 6 
percent for the TIP geometry during the burn phase, depending on the 
line of sight. However, independent of the magnitude of the relativistic 
error, the vertical stability control is not affected by it, due to the ge
ometry chosen for the measurement. 

Since it is now accepted that phase drifts due to thermomechanical 
and electromechanical distortions (and neutron-induced swelling etc.) 
can be expected to cause significant drifts in the interferometric mea
surement, phase drift compensation schemes must be employed to keep 
these to a minimum. For this the safest approach is to settle for a com
bination of measures: dry-air flooded or evacuated beam ducts should be 
used where possible to minimize absorption of the 5 µm radiation and 
minimize phase drifts [121]. In addition real-time monitoring of the 
local conditions concerning refraction, especially on the source and 
detector side should be combined with a real-time drift compensation 
[122]. Both have been shown to work in existing systems. 

4.6. Neutron/gamma diagnostics 

4.6.1. Purpose of measurements 
The DEMO concept for neutron [123] and gamma diagnostics [124] 

largely follows the ongoing developments for ITER [125]. For the 
measurement and control of the fusion power, a measurement of the 
radial profile of the neutronflux will be implemented. During the burn 
phase, these measurements may also contribute to the plasma position 
control. The feasibility of a reliable plasma position measurement based 
on neutron flux measurements has recently been demonstrated on JET 
[126]. In addition to these, the D/T ratio and ion temperature can be 
deduced from neutron/gamma spectroscopy. 

Gamma spectroscopy of DT 16.63 MeV gamma-ray fusion reaction is 
also being investigated as an option to obtain an independent mea
surement of the fusion power at low count rates, allowing for a cross- 
calibration of the faster neutron flux measurements, and together with 
the ~20MeV T(p, γ)4He line emission can provide an assessment of the 
ratio of tritium and deuterium concentrations in the plasma core. 
Additional R&D may be needed in future to demonstrate and validate 
the feasibility of gamma spectroscopy for this 16.63 MeV reaction with 
low cross section under DEMO relevant conditions. 

4.6.2. Integration of neutron/gamma measurements in DEMO 
The neutron flux measurement system consists of a set of 2 × 13 

horizontal lines of sight from an equatorial port and a set of 2 × 12 lines 
of sight from a vertical port (wider coverage of radial range, and 
coverage of Shafranov shift effects), where the factor 2 provides some 
redundancy. The vertical lines of sight are shown in fig. 8. 

It remains to be clarified whether the additional gamma-ray spec
troscopic measurements can made by using (sharing) the lines of sight of 
the neutron flux measurement (without significantly compromising 
their performance), and which level of measurement accuracy could be 
achieved depending on an assessment of the DT neutron to gamma-ray 
branching ratio. Currently a certain minimum number of 5-10 lines of 
sight is considered which may be used to derive a signal for cross- 
calibration of the faster neutron cameras. 

The front-end of each channel consists of a long duct with < 7 cm 
inner diameter. At the far end of each collimator a detector (or series of 
detectors) will be mounted (outside the bio-shield) at a distance > 15 m 
from the front collimator. The low activation steel EUROFER is 
considered the main material of the collimator tube surrounded by 
boron carbide B4C. Material composition of the collimator towards the 
detector can include material for moderation of in-scattered neutrons 
(concrete) doped with thermal neutron absorbers and gamma-ray 
attenuator material. 

The lines of sight can be integrated in a poloidal plane, such that the 
space occupation in the ports is minimized. Specifically, the lines of sight 
from the equatorial port could be integrated into drawers. 

At the location of the detectors (several meters away from the first 
wall), the irradiation levels are low enough that no adverse effects on the 
detectors are expected. 

Initial assessment of the performance of the neutron flux monitors 
indicates that the fusion power can be calculated with a relative error of 
less than a few percent on a time scale of less than 10 ms, and that the 
neutron emissivity profile can be reconstructed up to the 0.9 normalized 
poloidal flux coordinate with the same time resolution and a relative 
error less than 1 percent. From the neutron spectra, the fuel ion ratio and 

Fig. 8. Poloidal cross section with vertical lines of sight of the neutron 
diagnostics. 
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the ion temperature can be determined with a time resolution of 1 
second. From these measurements, using the horizontal and vertical 
neutron lines of sight, the vertical and horizontal (core) plasma position 
in the burn phase can be determined with a time resolution of 1 ms and 
with a sensitivity of 8 mm. For the validation of the accuracy of neutron 
flux measurements for DEMO, R&D is planned on the testing of detectors 
under DEMO relevant conditions. 

4.7. Divertor thermo-current measurement 

4.7.1. Purpose of measurements 
For power exhaust control, the divertor thermo-current on DEMO 

shall be measured as the potential difference between the inner and 
outer divertor target plates or a measurement of the current flowing 
between the target plates by a Rogowski coil wound around the divertor 
cassette body. Such a measurement could be used as a reliable indicator 
of plasma detachment, since under conditions of decreasing plasma 
temperature in front of the target with increasing puffing rates the 
sheath voltage and thermo-current tends to zero. The regulation of 
divertor thermo-currents by impurity puffing feedback control would 
limit the heat load and erosion of the plasma facing components to an 
acceptable level and ensure safe steady state operation. This principle of 
plasma detachment control has been successfully demonstrated on the 
ASDEX Upgrade tokamak [127]. Thermo-current measurements for 
each of the 48 DEMO divertor cassettes are planned. 

4.7.2. Integration of thermo-current measurements on DEMO 
On DEMO, the divertor target plates have to be actively cooled and 

are electrically connected to the divertor cassette. Nevertheless, there is 
a finite resistance across the divertor cassette and the thermo-current 
generates a small voltage that could be measured. Experimental re
sults from ASDEX Upgrade show that using the divertor cassette as a 
shunt a signal level of 0.75 mV can be measured in the small ELM regime 
[86]. 

An alternative approach would employ ceramic insulators to elec
trically insulate the plasma facing components and water cooling pipes 
from the divertor cassette. However, the modelling [85] has shown that 
shunt resistors between the water cooling pipes and the divertor cassette 
are still needed. These safety shunts protect the water cooling pipes from 
damage by pipe crushing or boiling water in the stainless steel water 
cooling pipes after a disruption caused by a vertical displacement event 
[85]. The final number of safety shunts, their optimal locations and 
values of resistance are given by the permissible upper limit to the 
currents generated by a disruption. A preliminary estimate of the signal 
levels produced by four 600 µΩ safety shunts, connecting the divertor 
cassette with the water cooling pipes entering the target plates, and 
considering parallel current paths in the divertor, yields a signal of 64 
mV assuming a 150 A thermo-current for a DEMO divertor cassette. 

The durability of insulators under the neutron load conditions in the 
DEMO divertor area (expected neutron fluence up to 1025/m2) would 
still need to be verified. The ambient temperature is in the range of 200- 
300◦C (assuming a water-cooled divertor). However, there are a number 
of other difficulties to be overcome to make this proposal a viable op
tion. The greatest difficulty with this proposal is the research, devel
opment and radiation testing required to realise electrical isolation of 
the water cooling pipes connecting the plasma facing components and 
the divertor cassette. 

A preliminary estimate of the signal levels produced by a Rogowski 
coil around the DEMO divertor cassette assumes a sensitivity of 24.5 kA/ 
V as planned for the ITER divertor cassette Rogowski coil [86]. It has 
been recognised that the vacuum vessel attachment of the divertor 
cassette provides an alternative path for the thermo-current. Pre
liminary calculations suggest that 33% of the current would flow 
through the divertor cassette and 66% would flow through the vacuum 
vessel wall. A Rogowski coil wound around the cassette with approxi
mately 50 A thermo-current therefore would only have an expected a 

signal level of 2 mV [86]. Open questions regarding the ability to pro
duce accurate long time scale measurements with electronic integration 
of the Rogowski coil output and a robust design to survive expected 
neutron fluxes and temperature ranges will need further detailed 
studies. Experimental evidence from ASDEX Upgrade shows that the 
quality of the compensation of pickup signals produced by the poloidal 
field coils and the plasma current needs to be improved before this 
measurement can be used as an input signal for feedback control of the 
heat load to the plasma facing components [86]. Further R&D is under 
planning to explore and validate the limits of measuring low and noisy 
thermocurrent signals under DEMO relevant conditions. 

5. Actuator properties relevant to plasma control 

The essential actuators available for plasma control are the magnet 
system (poloidal field coils and central solenoid), the auxiliary heating 
system, and the matter injection (fuel and impurities) and pumping 
system. The main properties are briefly and qualitatively summarized 
below. More detailed actuator specifications are under elaboration as 
part of the development of a consistent overall DEMO concept during the 
next project phase until 2027. 

Six poloidal field (PF) coils will be installed on DEMO to control the 
equilibrium (plasma shape and position), which also depends on the 
plasma pressure and current density profiles. The central solenoid (CS) 
coil serves to provide most of the flux needed to drive the plasma current 
over the projected burn time of 2 hours. The CS coil consists of several 
sectors which can be controlled independently, arranged in a “pancake” 
like arrangement. The total available flux will be in the range of several 
hundred volt-seconds, while the maximum rate of change will be 
designed such that a toroidal electric field of 0.3 V/m can be sustained 
for a period of a few seconds in order to facilitate the ignition of the 
discharge. The typical maximum voltage of 10 kV to be applied to the 
coil feeders is defining a limit for the ramp-up and ramp-down speed of 
the PF and CS coil fields. In order to facilitate a fast control of the vertical 
and horizontal core plasma position, the installation of in-vessel control 
coils in addition to the ex-vessel PF coils is being considered. More de
tails can be found in an accompanying paper [128]. 

The auxiliary heating system to be installed on DEMO is currently not 
yet fully defined [61]. The main control tasks are as follows:  

• Heating during the plasma initiation and current ramp-up, including 
overcoming the H mode threshold  

• Burn control, impurity control and instability control during all 
plasma phases  

• Plasma handling in case of unforeseen events, such as impurity 
events or component failures.  

• Wall conditioning, if applicable. 

It is generally assumed that the auxiliary heating system will consist 
first of the electron cyclotron resonance heating (ECRH) subsystem, 
comprising in the order of 50 gyrotrons, launchers and corresponding 
transmission lines, furthermore it may include a neutral beam injection 
(NBI) subsystem consisting of 2-3 NBI boxes, and finally it may include 
other subsystems such as ion cyclotron resonance heating (ICRH) and/or 
lower hybrid (LH) heating. The working assumption during the phase 
2014-2020 has been to have ECRH, NBI and ICRH each with 50 MW 
available, which sums to a maximum auxiliary power of 150 MW to be 
injected into the plasma. For the next phase of the project (2021-2027), 
a starting assumption of having only ECR heating with a total power in 
the range of PECRH ~ 130…150 MW has been adopted [61]. The final 
suite of heating systems will depend on future technical developments as 
well as on the details of the plasma control requirements, which in turn 
depend on the details of the DEMO plasma scenario, all of which are not 
fully defined yet. 

Finally, pellet injection is foreseen as the primary approach for DT 
fuel injection, since for pellets a deeper radial deposition can be 
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achieved compared to gas injection [59]. In addition however, some DT 
gas injection is planned for the control of the separatrix plasma density 
which is related to the divertor detachment. Injection of xenon is fore
seen as the main approach for the control of the core plasma radiation 
power, while argon injection could be used to enhance divertor radia
tion and facilitate achieving detachment. The long reaction time be
tween the opening of a gas valve outside the bio-shield, and the arrival of 
injected gas in the plasma, as well as the short radial penetration length 
of thermal (gaseous) impurity particles into the plasma, may require 
installing additional means of fast impurity injection such as laser 
blow-off or high-Z pellet injection. This has to be explored quantitatively 
by future R&D and simulations. 

6. Avoidance of disruptions 

One of the most critical issues for the operation and control of the 
DEMO plasma is the avoidance and mitigation of disruptions. Extrapo
lating the results from investigations related to JET [129] and ITER 
[130], in a disruption on DEMO up to 50% of the thermal plasma energy 
of ~ 1.3 GJ would be released to the first wall within the predicted short 
thermal quench period of ~ 1-2 ms duration. If this energy is distributed 
over the entire first wall area (~2000 m2) with an inhomogeneity factor 
of 3-4, which is usually referred to as the case of perfect disruption 
mitigation, the resulting heat impact factor reaches η = Wth /Aeff /
̅̅̅̅̅̅̅τTQ

√
∼ 30 MJ/m2 ̅̅

s
√

, which is about half of the value needed for the 
melting of bulk tungsten starting from the DEMO operational tempera
ture (~ 300-500◦C), but significantly exceeding the limit for surface 
crack formation. It remains the subject of future R&D to determine how 
many of such events the first wall and divertor of DEMO could with
stand. Obviously, since well mitigated disruptions on DEMO may lead to 
large-area wall damage, disruption avoidance should have highest pri
ority on DEMO. 

The main root causes for disruptions are briefly listed, explaining the 
envisaged counter-measures from the point of view of DEMO control:  

1) The vertical plasma position in a divertor tokamak is in principle 
unstable, since the plasma current centroid is subject to attractive 
forces from the poloidal field coils located above and below the 
plasma, which grow inversely to the distance to the respective coils. 
If a deviation of the vertical plasma position from the nominal po
sition is recognized too late, the counter-action by the poloidal field 
coils may come too late and the plasma would touch the wall and 
eventually disrupt. The risk for this type of disruption can be mini
mized by limiting the plasma elongation and shaping, which unfor
tunately reduces the nominal fusion power according to the 
confinement scaling law, moreover by introducing a conducting shell 
within the tokamak for passive stabilisation via eddy-currents, and 
finally by optimizing the control system with respect to performance 
(accuracy and speed) and reliability of all relevant measurements 
and actuators. This specifically means that PF coils should allow for 
performing sufficiently fast control actions in case of plasma move
ment. Here, the installation of in-vessel control coils would provide 
significant advantages with regard to higher control speed (less eddy 
current shielding) and lower power demands (lower volume 
enclosed as compared to ex-vessel coils). The feasibility of imple
menting in-vessel control coils of suitable long life under DEMO 
conditions is still to be demonstrated.  

2) Various types of MHD instabilities may be generated in particular 
when operating the plasma near the operational limits, causing loss 
of confinement quality and eventually disruptions. Clearly, these 
paths to disruptions can be counteracted by providing means for 
early and reliable recognition of any instabilities evolving, and 
choosing the plasma scenario with sufficient distance from opera
tional limits. Here, the diagnostic coverage relevant for MHD mode 
control still needs to be verified.  

3) Failures of the control system (component or system failure) may 
also lead to disruptions. Here, a systematic improvement of the 
reliability of any part of the control system is needed, and a certain 
amount of redundancy with respect to both the number of systems/ 
channels and the number of methods has to be installed, depending 
on the practically achievable level of reliability of the respective 
systems. Here, the currently assumed redundancy factor of 2 for all 
diagnostics still needs to be validated as part of the overall analysis of 
reliability, availability, maintainability and inspectability (RAMI). 
Plasma operation with reduced redundancy on individual diagnostic 
systems after failure of a few diagnostic systems is assumed 
permissible.  

4) The number of disruptions arising from human error in the operation 
of DEMO and its control system should in principle be reduced over 
time by the fact that DEMO will finally and ideally be operated 
within one stable discharge scenario only, while the control system 
will be steadily matured along with increasing operational experi
ence, defining rigorously the allowed operational domain. However, 
before this point can be reached, many components will need to pass 
rigorous testing and validation procedures, and many operational 
issues will have to be demonstrated experimentally on ITER first. 
After this, the commissioning phase of DEMO will have to include a 
step-by-step approach, where the operational parameters will be 
only gradually adjusted towards the final ones. A quantitative 
development of a commissioning strategy for DEMO is still pending.  

5) Unforeseen events, e.g. large impurity influxes, wall damage with 
coolant ingress or the quench of a superconducting magnet are a 
matter of concern: above a certain size or speed of the event, the 
disruption cannot be avoided at all and the control system could only 
(if at all) reduce but not avoid machine damage. Therefore, the 
minimization of the risk of such unforeseen events should have high 
priority in the DEMO design. This in particular means design opti
misation aiming for robust and reliable components, low wall loads 
and small amounts of eroded and deposited wall material. 

For all the possible disruption causes listed above, the reduction of 
their probability will involve quite expensive design choices. It should 
also be noted that the operation of DEMO during the commissioning 
phase may be susceptible to a higher disruptivity, since the necessary 
fine-tuning procedure towards the final stable plasma regime with good 
performance will include final experimental verification at operational 
conditions which are realized for the first time on DEMO, and hence will 
naturally be associated with a higher failure rate. Elaborating the details 
of a safe commissioning programme on DEMO will be the subject of 
future work. 

7. Summary and conclusions 

The development of the D&C system for a future tokamak demon
stration fusion reactor (DEMO) is a challenging task, which comprises a 
variety of physics and technology elements and interfaces with many 
areas of the overall DEMO design. The requirements for reliable and 
stable plasma control in DEMO are much higher than in any existing 
fusion device, since DEMO should achieve an overall availability that 
goes far beyond what experimental tokamaks have achieved so far, 
while operational failures resulting in plasma disruptions should be 
strictly avoided because of the risk of severe damage to the inner DEMO 
components. For the task of controlling the DEMO plasma scenario, the 
detailed parameters of which are not yet fully defined, only a limited set 
of diagnostics and actuators will be available. Within the Pre-Concept 
Design Phase for DEMO, an initial allocation of diagnostics and actua
tors to the main control tasks has been developed, and some of the main 
approaches for their integration as well as their expected performance 
have been explored. Novel integrated control techniques may help to 
improve the reliability of DEMO plasma control and overcome the 
limitations arising from diagnostics and actuators, in particular by 
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providing an accurate forecast on the evolution of the plasma state based 
on sophisticated modelling. 

Obtaining a quantitative understanding of DEMO control is a pre
requisite for achieving the required control reliability. For this purpose, 
the performance of control components and the overall control system 
are being analysed by quantitative simulations and, where needed, 
validation experiments on the feasibility of specific approaches towards 
DEMO plasma control have to be performed. 

For many plasma parameters the DEMO operational point will have 
to obey control margins (distance from operational limits), the required 
size of which will depend on the actual accuracy that the control system 
will be able to achieve. In this regard, the feasibility of the DEMO control 
system will have a strong impact on the overall DEMO design, since 
larger control margins lead to a reduction of fusion power which could 
only be compensated by e.g. enlarging the dimensions of the tokamak. 
Thus an iterative approach is needed, where the DEMO physics and 
technology basis, the design details and the development of the D&C 
system are pursued in parallel. 
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