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Abstract
An optimized plasma current ramp-down strategy is critical for safe and fast termination of
plasma discharges in a tokamak demonstration fusion reactor (DEMO), both in planned and
emergency scenarios, avoiding plasma disruptions and excessive heat loads to the first wall.
Plasma stability limits and machine-specific technical requirements constrain the stable
envelope through which the plasma must be navigated. Large amounts of auxiliary heating are
required throughout the ramp-down phase, to avoid a radiative collapse in the presence of
intrinsic tungsten and seeded xenon impurities, as quantitatively estimated in this work. As the
plasma current is reduced, the current density becomes increasingly peaked, reflected by a
growing value of the internal inductance ℓi3, resulting in reduced controllability of the vertical
position of the plasma. The feasibility of different plasma current ramp-down rates is tested by
applying an automated optimization framework embedding the RAPTOR core transport solver.
Optimal time traces for plasma current Ip(t) and plasma elongation κ(t) are proposed, to satisfy
an Ip-dependent upper limit on the plasma internal inductance, as obtained from vertical
stability studies using the CREATE-NL code, as well as a constraint on the time evolution of
q95, to avoid an ideal MHD mode. A negative current density near the plasma edge is observed
in our simulations, even for the most conservative Ip ramp-down rate, indicating significant
transient dynamics due to a large resistive time.
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1. Introduction

Safe termination of a burning plasma in a DEMO reactor is a
highly non-trivial task. The high energy content of a reactor-
grade plasma and the limited thickness of a reactor first wall (to
allow for sufficient tritium breeding), lead to a very small tol-
erance for plasma disruption events. As safe termination scen-
arios, both for routine and for emergency shutdown, are crit-
ical to any viable tokamak reactor concept, present-day toka-
mak experiments have started to investigate stable ramp-down
solutions, guided by modeling tools.

Modeling and optimization with the RAPTOR code,
applied to TCV, ASDEX Upgrade (AUG) and JET, has
allowed to increase the plasma current ramp-down rate while
maintaining the plasma radially and vertically stable, by
optimizing the time evolution of plasma current and elonga-
tion throughout the ramp-down phase [1]. On DIII-D, vertical
displacement events (VDEs) could be successfully prevented
by adjusting the plasma elongation and the inner-gap to the
vessel wall, in response to real-time estimators of the proxim-
ity to the vertical stability limit [2]. Furthermore, [2] presents
the analysis of a large data set of emergency shutdowns after
large tearing modes. Modeling of the ramp-down phase for
AUG is discussed in [3, 4] and for JET in [5–7].

Fast simulators like RAPTOR allow to systematically
explore reactor operating points and scenario dynamics, and
to automatize the search for optimal control strategies. In [8],
METIS [9] is used to explore operating points for a pulsed and
a steady state DEMO design. Note that the large size and the
high temperature of a DEMO plasma core lead to a very slow
diffusion time scale of the current density. This clearly illus-
trates the need for a fast simulation tool to optimize a DEMO
scenario.

While we focus on ramp-down optimization for a DEMO
plasma, similar considerations are relevant for ITER. Time-
dependent, self-consistent ramp-down simulations are needed
to project how observations on present-day devices will scale
to ITER operation, due to non-linear dynamics and the vary-
ing characteristic time scales at play, as argued in [10]. The
complexity of this task, requiring simultaneous accounting for
plasma position and shape control, energy and density evol-
ution, MHD mode activity and impurity transport, demands
an analysis that combines a range of time-dependent equilib-
rium and transport solvers of varying fidelity. The increase of
internal inductance after the HL transition and the need for a
significant elongation reduction during ramp-down, resulting
in an ITER termination scenario remaining at relatively low
q95 ∼ 3 have been discussed in [11]. Furthermore, [11] makes
the observation that Ip will be an effective control parameter
for the internal inductance evolution, as the ITER ramp-down
is fast with respect to the resistive time τR. Strategies for pel-
let fueling and auxiliary heating to avoid tungsten accumula-
tion during the ITER baseline ramp-down have been studied
in [7, 12].

In the previous paper, ‘Part A: Analysis and model
validation on ASDEX Upgrade’ [13], we have discussed
how RAPTOR has been applied to model AUG ramp-down

scenarios, including the impact of plasma current, auxiliary
heating and shaping. Successful validation on present-day
machines increases confidence that the same models, coupled
to conservative assumptions regarding heat and particle trans-
port, can be used to study optimized ramp-down strategies for
DEMO.

2. Challenges for DEMO ramp-down scenarios

Even though the European DEMO strategy aims to maximize
its reliance on a conservative physics basis that can be explored
on ITER, some fundamentally new challenges will arise.

• Seeded impurities like xenon are required to radiate suffi-
cient heat from the plasma core, maintaining the heat load
to the divertor tiles manageable (even in the presence of
detachment). Depending on the plasma temperature, the
plasma can (locally) be in a regime where a decrease in Te
leads to an increase in radiated power (from both Xe and W
[14, 15]), triggering a radiative collapse of the plasma. In the
DEMO power balance, both the main source term (fusion
power) and the main sink term (impurity radiation) are non-
linearly dependent on the plasma temperature and density,
making the plasma largely self-regulated. Thus, the dynam-
ics of a burning plasma with high radiation fraction is highly
non-linear, while external actuators are less effective with
respect to present-day machines.

• To maintain the integrity of the thin metal wall (which must
be thinner compared to ITER to allow for tritium breeding
[16]), a loss of plasma control at high plasma current Ip >∼
5MA and high stored energy is unacceptable. Developing
a reliable ramp-down strategy, both for planned and emer-
gency termination of the plasma, is hence critical for the
DEMO mission.

An emergency shutdown scenario in the event of divertor reat-
tachment is discussed in [14]. Divertor sweeping is proposed
to delay the heat flux to the coolant becoming critical. While
maintaining this emergency measure, temporarily averting tar-
get plate damage [17], a fast plasma current ramp-down is
paramount. Furthermore, a fast reduction of plasma current
is beneficial to reduce the forces experienced by the vacuum
vessel in case of a disruption, which are proportional to I2p.
However, note that for non-emergency ramp-up and ramp-
down scenarios, slower ramp phases with a slow density evol-
ution might be preferred to allow the turbine to follow slow
changes in fusion power, to maximize exploitation for electric
energy production [14, 18].

In this paper, the feasibility of different plasma current
ramp-down rates is investigated. Through action of the cent-
ral solenoid, the loop voltage at the edge of the plasma is con-
trolled to maintain the imposed Ip time evolution. The reduced
loop voltage at the edge then provides a driving force for out-
ward current diffusion. However, due to the high temperat-
ures and the large size of a DEMO plasma, current diffusion
is extremely slow. A fast current ramp-down will hence tend

2



Plasma Phys. Control. Fusion 66 (2024) 025007 S Van Mulders et al

to peak the current density profile, or equivalently, increase
the plasma internal inductance ℓi3, resulting in reduced con-
trollability of the vertical position of the plasma. Since a loss
of position control of the plasma column needs to be avoided
throughout the entire ramp-down, the minimum time window
required to safely terminate the discharge is constrained by the
vertical stability limit. For the work presented in this paper,
CREATE-NL simulations [19] of the vertical position stabiliz-
ation control loop for DEMO [20] are used to obtain the upper
limit for the internal inductance.

Note that vertical stabilization of the plasma column is pro-
jected to become more challenging for future tokamak react-
ors with respect to present-day devices. Future tokamaks like
DEMO aim to maximize performance by significantly elong-
ating the plasma. Compared to present devices, the current
diffusion time scale is very long, while conductive walls are
further away from the plasma due to the presence of tritium
breeding blankets. Furthermore, measurements are complic-
ated by the presence of 14.1 MeV neutrons and control will
be less efficient due to the difficulty of putting internal coils
inside the vessel and the comparatively long distance to the
poloidal field coils (which are located outside of the toroidal
field coils [21]).

In addition to the vertical stability limit, a set of further con-
straints limits the operation space of feasible ramp-downs.

• In order to ensure stable radial position control, the max-
imum rates of change of poloidal field coil currents impose
an upper limit on the time derivative of the vertical magnetic
field Bv, which can be written as:

Bv =
µ0Ip
4πR

(
ln

(
8R
aκ0.5

)
+βp+ 0.5ℓi3 − 1.5

)
. (1)

Rapid changes of any of the parameters in equation (1),
e.g. during the HL transition, can hence potentially cause
a loss of radial position control.

• Since theGreenwald density limit [22], the upper limit on the
plasma (edge) density [23, 24], is proportional to the plasma
current, the density has to be decreased throughout the ramp-
down phase. In the present work, we assume that a constant
Greenwald fraction can be maintained during the H-mode
and L-mode phases. In practice, the particle confinement
time and pumping capacity limit the maximum achievable
density decay rate. On present-day devices, maintaining reg-
ular ELMs during the ramp-downH-mode phase is observed
to be critical in order to avoid an increase in Greenwald
fraction [11, 25].

• While terminating a burning plasma, the fusion power is
reduced, by changing the isotope DT concentration and by
bringing down the density (Pfus ∼ n2e). The presence of the
inherent W impurity and the seeded Xe impurity to boost
core radiation make the plasma prone to a radiative col-
lapse: while the alpha heating drops, the average cooling
factor of W and Xe increases for decreasing Te. Methods for
the removal of Xe and W or large auxiliary heating power
resources are required to maintain a positive power balance
throughout the entire ramp-down phase.

Both the vertical and the radial position control problem illus-
trate the impact of the time evolution of internal plasma pro-
files on the magnetic control, through parameters like ℓi3 and
βpol. Conversely, the plasma shape evolution can be used as
an actuator to drive changes to the plasma profile evolution:
in [1], it was found that a fast decrease in plasma elongation
allows to limit the increase of the internal inductance (while
simultaneously widening the margin for vertical controllab-
ility). Furthermore, the plasma shape impacts the thermal
confinement quality of the plasma. These examples illustrate
the inherently coupled nature of the kinetic (q, Te, ne) and
magnetic (position and shape) control problems. The con-
straints mentioned in this section, non-linearly dependent on
the plasma state itself, have to be simultaneously met. A fast
transport solver like RAPTOR captures some of these non-
linearities and can hence assist in the design process of safe
ramp-down strategies, as will be presented in the remainder of
this paper.

The set-up of the RAPTOR simulations is described in
section 3, highlighting the various non-linearities captured
by the model. In section 4, a stationary operating point for
a DEMO reactor is established, which will serve as the ini-
tial state for the ramp-down simulations. The time traces of
auxiliary heating and Xe impurity concentration are manually
optimized to find a feasible ramp-down scenario, avoiding a
radiative collapse, in section 5. The upper limit for the internal
inductance, obtained from CREATE-NL vertical stability cal-
culations, is introduced in section 6. For various ramp-down
rates, L-mode confinement quality assumptions and HL trans-
ition timings, the feasibility with respect to vertical and radial
position control is assessed. Optimization with respect to ver-
tical stability is studied in section 7. The RAPTOR non-linear
optimization algorithms are used to optimize the ramp-down
time traces of plasma current and elongation to ensure oper-
ation within the vertically stable operating envelope extrac-
ted from CREATE-NL calculations, while avoiding decreas-
ing values of q95 that could compromise MHD stability.
The main insights resulting from our ramp-down simulations
are summarized in section 8. Conclusions are formulated in
section 9.

3. Simulation set-up for DEMO simulations

The termination simulations in this paper cover a plasma
current ramp from Ip flat top = 17.75MA down to Ip final =
5.00MA. Depending on the Ip ramp-down rate, different simu-
lation time windows result, with tfinal =

Ip final−Ip flat top

dIp/dt
(t0 = 0 s

at the end of flat-top).

3.1. Stationary state (initial state ramp-down)

To obtain a stationary solution, describing the plasma profiles
by the end of the flat-top phase, the RAPTOR stationary state
solver, described in [26], is used. The obtained stationary state,
with a radially flat loop voltage profile Upl(ρ), is used as the
initial state x0 for the ramp-down simulations.
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3.2. Transport equations and heat sources

• The transport equations solved for are electron heat trans-
port Te(ρ, t), electron density transport ne(ρ, t) and pol-
oidal flux diffusion ψ(ρ, t) (equivalent to current diffu-
sion). These equations are evolved from t0 = 0 s to tfinal
on the full radial domain ρ ∈ [0 1]. The boundary condi-
tions for Te and ne at ρ= 1 are set to respectively 200 eV
and 0.5× 1019 m−3.8 The temperature for the ion species is
set equal to the electron temperature, which is justified by
the assumption that equipartitioning occurs on a fast time
scale as compared to the large confinement time expected for
DEMO.

• For the main ions, a 50/50 deuterium/tritium fuel mix is
assumed. A set of three impurities is assumed, as discussed
later, with an impurity density set proportional to ne, with
a user-defined, time-dependent factor. nD+ nT and Zeff are
solved for by imposing quasi-neutrality and evaluating the
effective charge equation for Zeff.

• The flat-top neutral beam deposition profiles pnbi,e and jnbi
are taken from aMETIS [9] DEMO simulation, with a time-
dependent factor scaling the profiles to match the reques-
ted total power evolution Pnbi(t). The time trace of this
factor is calculated before the RAPTOR simulation, tak-
ing into account the programmed plasma volume evolution.
Note that while the total injected power is reduced during
ramp-down, the deposition profile is maintained self-similar
throughout the simulation. Updating the NBI source pro-
files, self-consistently with the changing plasma density and
equilibrium, e.g. through direct coupling with the RABBIT
code [27], is left for future work.

• The EC heating is deposited in the center ρdep = 0 with
wdep = 0.1, without any current drive.

• The fueling of the plasma is modeled indirectly: while the
electron diffusion coefficient is set in relation to the electron
heat diffusivity De = 0.2χe, the density gradient in the edge
region of the plasma evolves in response to a dedicated term
in the formula for the electron pinch velocity (see the term
including µne in equation 2 in the Part A paper [13]). The
trace of the edge density gradient is feedback controlled to
track the desired time evolution for the line average density,
as described in more detail in section 3.3.

• The alpha power density is evaluated with the formula
described in [28], consistently calculating the electron and
ion heating contributions, according to the formula derived
in [29]. Since this alpha power model is relatively simplistic
(not taking into account fast ion losses due to orbit and ripple
effects and diffusion across the plasma during the slow-
ing down time), a multiplicative factor cα = 0.73 was intro-
duced to obtain the DEMO RAPTOR simulations repor-
ted in [30], benchmarked against more complete ASTRA
simulations.

8 Note that in the present work, these boundary conditions have not been var-
ied. Self-consistent modeling of the separatrix conditions, its implications on
detachment control, and the pedestal, including an improved estimate of the
pedestal-driven bootstrap current, are left for future work.

• The transition from H-mode to L-mode confinement is
modeled by a gradual ramp (during the HL transition inter-
val) of parameters in the analytical transport coefficient for-
mulas for the Te and the ne equation (equations (1) and (2)
in the Part A paper [13]). As explained in the following
section 3.3, dedicated parameters enable the modification
of core and edge gradients, corresponding to the confine-
ment quality degradation and the change in core logarithmic
gradients characteristic to the HL transition.

3.3. Heat and density gradient-based transport model

The present paper applies the same gradient-based transport
model that has been applied for AUG ramp-down modeling
in the Part A paper [13]. We repeat here the main assumptions
underlying the tranport model, as well as those settings that are
specific to the application for DEMO. For more details regard-
ing the analytical formulas for heat and particle diffusivities,
we refer the reader to section 2.1 of the Part A paper [13].

The gradient-based model assumes the formation of three
radially separated regions:

(i) a central region ρ < ρinv(= ρq=1) with high transport, to
mimic the profile flattening caused by sawteeth or other
transport-enhancing phenomena (in the absence of a q= 1
surface, we put ρinv = 0.1, as flattened profiles toward the
magnetic axis can occur even in the absence of sawtooth
activity, e.g. in the presence of kinetic ballooning modes
[31]);

(ii) an intermediate stiff core region characterized by constant
logarithmic gradients λTe =− d logTe

dρ and λne =− d logne
dρ ;

(iii) a pedestal region with linear gradients µTe =− dTe
dρ and

µne =− dne
dρ .

For the DEMO ramp-down simulations in the present
paper, we use the gradient-based transport model because its
prediction is well-defined, based on the H98,y2 confinement
factor (H98,y2 = 1 is assumed here in H-mode, allowing for
a conservative prediction), and it models across the whole
plasma radius for both L- and H-mode plasmas. The LH trans-
ition is modeled through the user-defined time trace of the con-
finement factor and the resulting modifications of the trans-
port coefficients. The values used for the logarithmic gradi-
ents λTe,ne are inspired by the available literature on predictive
DEMO modeling, as described later in this paper.

The time traces µTe,ne(t), governing the pedestal confine-
ment quality, are set as the sum of a feedforward and a feed-
back contribution. The feedforward contribution provides an
initial estimate of the time evolution of the pedestal gradi-
ent. The feedback controller, with a proportional and an integ-
ral term, adds a corrective term to bring the plasma confine-
ment time and line-averaged density towards pre-defined ref-
erence traces τE ∼ HrefτE scl and nel ∼ nel ref, making use of the
error terms defined in equation (2). More technical details on
application of the gradient-based transport model can be found
in section 5.2.4 of [32]
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µX (t) = µ ffX (t)+ gpe(t)+ gi

ˆ
e(t)dt with{

e(t) = Href − τE/τE scl for X= Te
e(t) = nel ref − nel for X= ne

. (2)

In the present work, the line-averaged density reference nel ref
is set proportional to the Greenwald density ne,Gw = Ip/(πa2),
with a user-defined factor fGw = nel ref/ne,Gw that can be time-
dependent. Different confinement time scaling τE scl could be
applied; in this study the IPB98(y, 2) scaling law is used [33].

Note that the gradient-based transport model omits the
need to provide a boundary condition at the pedestal top.
This approach differs from the RAPTOR simulations for
ITER in [26], where pedestal pressure values consistent with
the EPED1-SOLPS fit reported in [34] were chosen, and
from the RAPTOR simulations for AUG in [35], where
pedestal pressure values were calculated with a scaling
law derived based on previous experiments. In [13], the
gradient-based transport model, with global constraints on
the confinement scaling factor and the line-averaged dens-
ity, has been successfully applied to model ASDEX Upgrade
ramp-downs.

It is important to note that the IPB98(y, 2) scaling law is
derived based on the data available on present-day machines,
with modest levels of radiated power from the core plasma
compared to a DEMO plasma. This raises the question how
radiated power should be correctly accounted for in the calcu-
lation of confinement time and in the evaluation of the scaling
law. In this paper, the confinement factor is calculated without
subtracting the power radiated in the core. In appendix, simula-
tions are presented to quantify the change of expected electron
temperature profile and stored energy when the subtraction of
core radiated power is included.

3.4. Impurity concentrations and line radiation

Three impurity species are considered:

(i) an intrinsic tungsten influx is assumed since W is envi-
sioned as plasma-facing component armour material,

(ii) xenon is seeded in the core to enhance the radiated power,
limiting the divertor heat load,

(iii) as alpha particles born from fusion reactions thermalise,
heating the plasma, they constitute a source of helium
impurities.

At present, RAPTOR does not solve for impurity trans-
port9. Within the simulation, the radial distribution of the
impurities is taken proportionally to the electron dens-
ity ne, with a user-defined time-dependent concentration
factor (the resulting time evolution of Zeff is calculated
self-consistently).

9 Note that the lack of impurity transport is an important limitation for ramp-
down studies, as avoiding a radiative collapse caused by impurity accumu-
lation poses an important constraint. The impurity concetration profiles and
time evolution imposed in RAPTOR should be verified by higher fidelity
integrated modeling codes. Alternatively, reduced analytical models [36] for
(heavy) impurity transport could be integrated in the code.

Figure 1. Radiated power from three impurities, for concentrations
nHe/ne = 0.05, nW/ne = 3 10−5, nXe/ne = 5 10−4, as evaluated
with ADAS cooling factor data, with respectively the end of flat-top
Te profile (solid lines) and a L-mode Te profile (dashed lines).
Xenon, the seeded core impurity, is the dominant radiator. Note how
the HL transition during the ramp-down leads to a significant
increase in radiated power, from both W and Xe. A combination of
plasma heating and Xe removal is required to avoid a radiative
collapse, as studied later in this paper. (a) Te(ρ); (b) prad(ρ).

Impurity radiation of the three impurity species is evalu-
ated with the formula equation (3), with Limp(Te) the impurity
cooling factor taken from the ADAS database [15, 37, 38]

Prad = nenimpLimp (Te) . (3)

Note that impurities affect the plasma power balance both by
dilution of the main ions, impacting the fusion power, and
by the emitted line radiation. The second process is highly
non-linear with respect to temperature since the average cool-
ing factor increases throughout the plasma core for decreas-
ing Te (as illustrated in figure 1). Under the modeling assump-
tion Ti/Te = 1, the fusion power, and the alpha self-heating
of the plasma, will decrease simultaneously. This dynamical
process clearly has the potential of triggering a runaway pro-
cess, with increased radiation and decreased fusion power fur-
ther decreasing Te. Note that a deviation of Ti/Te = 1 during
ramp-down would impact the remaining alpha power, directly
influencing the heat balance and margin to radiative collapse.

3.5. Equilibrium geometry

The equilibrium geometry used for the RAPTOR simulations
is based on the free boundary equilibrium calculations in
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Figure 2. Plasma boundary shapes at different values of the plasma
current during the ramp-down phase, simulated with the free
boundary equilibrium solver CREATE-NL [19], as reported in [20].
The equilibrium geometry of these equilibria is used for the
RAPTOR simulations in this paper.

CREATE-NL. The plasma boundary shapes at different times
in the plasma ramp-down, at different values of the plasma
current, are shown in figure 2. The geometry metrics corres-
ponding to these equilibria are assigned to the time in the
RAPTOR simulation when the corresponding plasma current
is reached. For intermediate times, the geometry metrics are
interpolated linearly. The CREATE-NL calculations have also
been used to obtain an operating envelope for vertically stable
operation during the DEMO ramp-down phase, as explained
in section 6.2.

The equilibria have a lower single null configuration. The
elongation is reduced during the ramp-down, while the last
closed flux surface (LCFS) shape close to the X-point remains
mostly unchanged, easing the heat exhaust challenge for the
divertor by maintaining the magnetic geometry in the strike
points region.

Note that the RAPTOR diffusion equations, as reported in
[39], allow to consistently include the impact of the time deriv-
ative Φ̇b (toroidal flux enclosed by the LCFS). Results in the
present paper are slightly different from what we reported in
[32], since the Φ̇b term has been included in the present work
and can have significant effects on current density peaking
when the shape is modified relatively fast.

4. Stationary DEMO operating point

The stationary operating point established here ismainly based
on considerations reported in [8, 14, 40]. The operating para-
meters are summarized in table 1. A central feature of a burn-
ing DEMO plasma is the high degree of self-regulation of the
plasma profiles: the power balance is dominated by the plasma
self-heating by the fusion-born alpha fast particles, depend-
ent on Ti(ρ), nD,T(ρ) and fuel dilution, and the radiated power
from heavy impurities, both intrinsic (W) and seeded (Xe),

Table 1. Operating parameters for stationary (flat loop voltage
profile Upl(ρ)) flat-top burning plasma DEMO operating point, as
evaluated by RAPTOR.

Plasma current Ip 17.75 MA
On-axis tor. magnetic field B0 5.86 T
Minor radius a 2.93 m
Major radius R0 8.95 m
Plasma volume V 2318 m3

Elongation κ 1.67
Triangularity δ 0.37

Bootstrap current fraction Ibs/Ip 0.46
Non-inductive current fraction Ini/Ip 0.57
Fusion power Pfus 1732 MW
NBI power Pnb 50 MW
EC power Pec 50 MW
Radiated power (fraction) Prad;
frad = Prad/Pheat tot

242 MW; 54%

Separatrix power Psep 205 MW
LH threshold power PLH 121 MW
Plasma thermal energyWth tot 1279 MJ

Ti0, Ti(ρ= 0.8) 38.1 keV, 7.9 keV
Te0, Te(ρ= 0.8) 38.1 keV, 7.9 keV
q95 4.26
qmin 1.05
⟨ne⟩line/ne Gw 7.9× 1019m−3/6.6×

1019m−3 = 1.20
ne0/⟨ne⟩vol 10.3× 1019m−3/7.1×

1019m−3 = 1.45

Hy2,98 1.00
βN 2.57
Internal inductance ℓi3 0.64
Loop voltage Upl 22.5 mV
Fusion power gain Q 17.3

⟨Zeff⟩vol 2.32
nhelium/ne 0.05
nxenon/ne 5× 10−4

ntungsten/ne 3× 10−5

Psep/R0 22.9 MWm−1

with a non-linear dependence on Te. Reliance on auxiliary cur-
rent drive to tailor the q profile is minimized to maintain a high
fusion gain Q.

• In [8], the physics-based transport model TGLF is used to
predict critical temperature and density gradients. Based
on those values, we set λTe = 2 (R/LTe ∼ 6) and λne =
0.67 (R/Lne ∼ 2). In the L-mode phase, discussed in the
next section, we assume λTe L mode = (3/2.3)λTe H mode and
λne L mode = (1/0.5)λne H mode, applying the same factors
λTe,ne L mode/λTe,ne H mode as were obtained for JET and AUG
in [1]. The ion temperature is set Ti = Te. Even though elec-
tron heating is dominant for the simulated DEMO plasma,
Te ∼ Ti is assumed due to the high confinement time scale
with respect to the equipartition time scale in a DEMO
device [41, 42].

• The W concentration is set to 3 10−5, like in [8]. The Xe
concentration is set to 5 10−4, allowing for a total radiated
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Figure 3. Radial profiles for stationary (flat loop voltage profile) flat-top burning plasma DEMO operating point, as evaluated by RAPTOR.
(a) Te(ρ), Ti(ρ) and ne(ρ) (with ne Gw for comparison); (b) q(ρ) and Upl(ρ); (c) (R0/a)d logTe(ρ)/dρ, (R0/a)d logTi(ρ)/dρ and
(R0/a)d logne(ρ)/dρ; (d) joh(ρ), jbs(ρ), jnb(ρ) and jpar(ρ).

power of 242 MW, which is about 54% of the total heating
power. This allows to limit Psep/R0 to 22.9 MWm−1 (close
to Psep/R0 = 18.9 MWm−1 in the EU-DEMO 2018 design
point reported in [14]), while a margin Psep−PLH ∼ 80MW
is maintained, to achieve good confinement and avoid any
unwanted HL back transition. The helium concentration is
set to 0.05, inspired by the COREDIV [43] simulation res-
ults in [8], and below the maximum He concentration of
0.075 mentioned in [30].

• The fusion power is Pfus = 1732 MW, below the 2 GW of
the EU-DEMO 2018 design point. Note that this value is
sensitive to assumptions regarding temperature and density
peaking (higher reactivity in the center), Greenwald frac-
tion, H98y,2 factor and impurity concentrations (diluting the
DT fuel). The impurity concentrations will also impact the
discharge duration through the impact of Zeff on the neo-
classical conductivity, and hence on the loop voltage to
be provided by the central solenoid to sustain the required
ohmic plasma current.

• For the applied R/Lne , a density peaking ne0/⟨ne⟩vol = 1.45
results, close to what has been reported in [42]. With this
density peaking a Greenwald fraction ⟨ne⟩line/ne Gw = 1.2
can be achieved, while maintaining the pedestal density
about 5% below the Greenwald density (the density con-
straint is assumed to be active at the pedestal top location
[40]).

• It is interesting to note that RAPTOR predicts that boot-
strap current is about half of the total plasma current. As
illustrated in figure 3, the bootstrap current density is a

significant source of off-axis current density (with a notable
peak in the pedestal region). As a consequence, qmin is rel-
atively close to unity, with a region of low magnetic shear
extending to ρ∼ 0.25.

5. Ramp-down simulation with optimized heating
power: discussion of actuators and constraints

In this section, we explore manually optimized time traces
of auxiliary heating and the Xe impurity concentration, aim-
ing for a feasible ramp-down scenario, avoiding a radiat-
ive collapse. Optimization with respect to vertical stability is
presently not considered, but will be addressed in section 7.

The plasma current is reduced with a constant ramp rate
dIp/dt=−100kAs−1. A time trace of the evolution of H98,y2

is pre-defined, setting both the timing of the HL transition
and assumptions regarding the confinement quality during H-
and L-mode. For the simulation presented in this section,
the HL transition is initialized at t= 0.2tfinal. The H factor
transitions linearly fromH98y,2 = 1 toH98y,2 = 0.5, over a dur-
ation10 ∆tduration HL = 15s. Note that these choices are relat-
ively arbitrary at this stage. In the next section we will how-
ever perform a sensitivity study, changing the HL timing and

10 The duration of the transition phase depends on the characteristic time
required to decrease the pedestal and depends on a variety of plasma para-
meters. In [1], ∆tduration HL = 0.1s, 0.5s and 1 s have been derived, based on
Thomson and Hα measurements, for respectively TCV, AUG and JET.
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Figure 4. Key time traces for DEMO ramp-down RAPTOR simulation with dIp/dt=−100kAs−1, tHL = 0.2tfinal, H98y,2 = 1 in H-mode,
H98y,2 = 0.5 in L-mode. The time evolution of auxiliary heating and Xe concentration are optimized to avoid a radiative collapse. The grey
box indicates the HL transition time window. (a) Ip(t), nel(t); (b) H98y,2(t), fGr(t) and volume average effective charge Zeff vol; (c) βN(t),
ℓi3(t) and q0(t); (d) q95(t); (e) helium concentration fHe(t), tungsten concentration fW(t) and xenon concentration fXe(t); (f) Pnbi(t) and
Pec(t); (g) Palpha(t), Paux(t), total radiated power −Prad(t) and dW(t)/dt; (h) Psep(t) and PLH(t); (i) Pheat, e and total radiated power Prad(t).

L-mode confinement factor. An overview of the evolution of
various parameters during the ramp-down simulation is given
in figure 4.

5.1. Power balance and impurity concentrations

We list some of the constraints and considerations that have
been taken into account when designing these ramp-down
traces.

5.1.1. Significant auxiliary heating required throughout the
entire ramp-down phase. Even if the Xe concentration
can be efficiently reduced during the ramp-down, significant
auxiliary heating of the plasma throughout the entire modeled
ramp-down phase (i.e. the diverted phase down to Ip = 5MA)
is mandatory to avoid a radiative collapse. This is due to the
combined effect of an increasing cooling factor for W and
Xe for reducing Te, and a simultaneous sharp decrease of
the alpha power for reducing Ti and ne (the density has to
be reduced simultaneously with the plasma current to avoid
an increasing violation of the Greenwald density limit). Note
that higher fidelity simulations are required to assess the
feasibility of the proposed ramp-down rates of density and
Xe impurity concentration, taking into account the expected

particle confinement time (usually the particle confinement
time is 5-10 times larger compared to the energy confinement
time [44]), impurity confinement time and pump efficiency.

To conclude: the plasma needs significant auxiliary heating
while being terminated (Pec = 50MW+Pnb = 50MW at the
beginning of ramp-down, maintaining Pec = 20MW+Pnb =
20MWby t= tfinal, when Ip = 5MA). Themarginwith respect
to radiative instability can be evaluated from the bottom right
plot in figure 4: the heating power to the electrons Pheat e
should be maintained above the radiated power Prad, through-
out the ramp-down. The margin is relatively small at the end
of the HL transition: with Paux ∼ 70MW, a margin Pheat e−
Prad ∼ 20MW can be maintained. Note that the heating of dis-
charges with high radiation during ramp-down is already com-
mon practice on present-day devices, as discussed for AUG in
the Part A paper [13]. Evolution of the shine-through power
during ramp-down and compatibility with first wall head load
limits should be assessed with dedicated simulations.

5.1.2. Self-consistent triggering of HL transition. While
enough heating power needs to be maintained throughout the
L-mode phase of the ramp-down, the reduction of heating
power during the HL transition power should obviously be
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significant enough to actually trigger the transition to an
L-mode plasma. Note that the rapid reduction of stored
thermal energy provides an effective heating term −Ẇth =
−dWth/dt> 0, as the stored thermal energy crosses the sep-
aratrix, contributing to Psep = Pheat− Ẇth−Prad, delaying the
timing when Psep < PLH, with PLH the LH threshold power
predicted by the Martin scaling law [45].

In the present simulation, self-consistency of the HL trans-
ition is ensured by making sure Psep drops below PLH during
the HL transition time window between t= tHL and t= tHL+
∆tduration HL. The H factor reference trace is linearly reduced
during this timewindow, leading to a decreasing alpha heating.
Furthermore, the Greenwald fraction is changed linearly from
fGw = 1.2 to 1 during the HL transition interval. The power
conducted over the separatrix Psep comes down to PLH only by
the end of the HL transition time window, due to the effective
Ẇth heating term. In the simulation, reducing the Greenwald
fraction during the HL transition is found to increase the mar-
gin with respect to a radiative collapse, as calculated self-
consistently from the various species densities (assuming the
pre-defined impurity concentration traces).

5.1.3. The effect of Zeff. Note that by ramping down the
impurity concentrations of He and Xe, to avoid radiative col-
lapse, Zeff decreases throughout the ramp-down (the He con-
centration is reduced, which is consistent with the reducing
number of fusion reactions, reducing the source term for He
ions; the W concentration is maintained constant11). The res-
ulting Zeff evolution is evaluated self-consistently in RAPTOR.
A reduced Zeff leads to a reduced resistivity of the plasma,
slowing down current diffusion. This raises an interesting
trade-off between the margins with respect to radiative and
vertical instabilities: by reducing Zeff, margin with respect to
a radiative instability can be improved, at the expense of a
slower current diffusion, leading to a more significant increase
of ℓi3, making the plasma more vertically unstable. Tailoring
the plasma current density to limit the increase of ℓi3, by optim-
ization of the time traces of plasma current and elongation, is
discussed in section 7.

5.1.4. Heat exhaust constraints. Finally, the reduction of
impurity concentrations should not lead to a large increase in
the power crossing the separatrix, that needs to be handled by
the divertor. Even though this heat load would be transient, a
reduced Psep with respect to flat-top values might be required
due to the difficulty of maintaining the plasma detached dur-
ing the ramp-down phase, as reducing density and impurity
content complicate efficient dissipation in the SOL. In the

11 For the ramp-down of the ITER Q= 10 baseline scenario, predictive simu-
lations have been performed to assess whether the influx of tungsten into the
core can be avoided [7, 12]. Time traces of pellet fuelling and auxiliary heat-
ing are expected to have a significant impact on W accumulation. A gradual
reduction of pellet fuelling was found to be beneficial to avoid the formation of
significant core density gradients and the core influx of W, provided that ELM
control is maintained during ramp-down. The present paper does not include
predictive simulations for the level and the radial distribution of tungsten.

present simulation Psep is maintained below 240MW through-
out the H-mode phase (compared to Psep = 205MW during
flat-top burning plasma phase). This transient increase in Psep
is probably beyond what can be tolerated during ramp-down.
Further modeling studies into the simultaneous reduction of
alpha power and radiated power, including quantitative heat
exhaust constraints, are left for future work.

5.2. Current diffusion dynamics

5.2.1. Peaking of the current density. In figure 5, the cur-
rent density jpar, integrated current density Iencl and the loop
voltage profileUpl are shown at various times during the ramp-
down simulation, first during H-mode and subsequently at two
times during the L-mode phase. Close to the initial state of the
simulation, the current density profile is relatively broad, with
a significant contribution from the bootstrap current driven
within the pedestal region. The simulation starts from a sta-
tionary state with a fully relaxed current density profile, char-
acterized by a radially flat loop voltage profile. As a con-
sequence, the ohmic current density is self-similar with the
neoclassical conductivity profile.

To follow the imposed dIp/dt, the edge loop voltage is con-
tinuously reduced (except for an increase during the HL trans-
ition), as illustrated in figure 6.12 As the edge loop voltage
is reduced, to significantly negative values, the overall edge
poloidal flux difference is negative. The internal current dis-
tribution of the plasma changes with a diffusion time scale
that increases with the size of the device and the plasma
electron temperature, leading to large values in DEMO with
respect to present-day devices. In figure 6, an estimate of
the characteristic resistive time is included, by evaluating
τR = µ0(a/2)2⟨σneo⟩, where a is the minor radius and ⟨σneo⟩
is the volume average neoclassical conductivity (including a
factor accounting for the impact of trapped particles [46, 47]).
Clearly, the time window of the ramp-down (∼ 100s), is small
with respect to the resistive time that characterizes the time
scale for current diffusion, especially during theH-mode phase
(τR ∼ 1500s).

As the ramp-down is fast with respect to the current dif-
fusion time scale, the current density evolves into an increas-
ingly non-equilibrated state (Upl0-Upl,edge increases, as evident
in figure 6). As the loop voltage becomes peaked, the ohmic
current density (which is the dominant plasma current con-
tribution, especially during L-mode), can have a substantially
different shape with respect to the neoclassical conductivity
profile (and hence T3/2e ).

The plot showing the integrated plasma current profiles
(Iencl in figure 5), shows that the enclosed plasma current at
small radii decreases very slowly, due to the slow outward
current diffusion. As the plasma volume reduces through-
out the ramp-down phase, the central current density rises
monotonically throughout the ramp-down (see the time trace

12 In figure 6 we can also see a step-like behaviour in the time evolution of the
edge loop voltage, which clearly correlates with changes in the ramp-down
rate of the plasma volume dV/dt.
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Figure 5. Illustration of current diffusion dynamics during ramp-down, highlighting radial profiles at three different times during the
ramp-down. (a) Ip(t) (the three vertical lines correspond to the times for which the radial profiles are shown in (d)–(f)); (b) βN(t); (c) ℓi3(t);
(d) parallel current density jpar(ρ) at three times during ramp-down, corresponding to Ip = 17.5MA, Ip = 10.0MA and Ip = 5.5MA; (e)
idem for the enclosed current Iencl(ρ); (f) idem for plasma loop voltage Upl(ρ).

Figure 6. Illustration of current diffusion dynamics during
ramp-down. (a) Poloidal flux at the plasma boundary ψ(ρ= 1, t),
time derivative of the plasma volume dV/dt; (b) plasma loop voltage
Upl(ρ, t) at ρ= 0 and ρ= 1; (c) resistive time τR = µ0(a/2)2⟨σ⟩; (d)
parallel current density jpar(ρ, t) at ρ= 0 and ρ= 0.8.

for jpar at ρ= 0 in figure 6). Nevertheless, the total plasma
current evolution (imposed as a Neumann boundary condition
for the poloidal flux diffusion equation), needs to be satisfied,

leading to a negative current density in the outer plasma (see
the time trace for jpar at ρ= 0.8 in figure 6). TheMHD stability
of suchlike current density profiles has not been investigated.

As the current density evolves on a slow time scale with
respect to the plasma current, the plasma current ramp-down
rate dIp/dt is an effective control parameter to tailor the evol-
ution of the internal inductance ℓi3, as has been discussed in
[11]. In section 7, this feature will be leveraged to maintain
the internal inductance below an upper limit given by vertical
stability calculations in CREATE-NL.

In [48], a lumped parameter model for the time evolution of
the tokamak plasma current and internal inductance has been
proposed, with plasma resistance, non-inductive current and
boundary voltage or poloidal field coil currents as inputs. The
circumstances for a correlation between dℓi3/dt and dIp/dt are
analytically derived, supporting the use of Ip as a virtual actu-
ator to control the internal inductance.

5.2.2. The impact of sawteeth on current density
peaking. The peaking of the current density, as described in
the previous section, leads to a continuous decrease of q0, even
though q95 is increasing throughout the ramp-down, as shown
in figure 4. As a consequence, sawteeth instabilities will likely
be triggered at some time during ramp-down. In the present
section, we assess the impact of sawteeth on the time evolu-
tion of ℓi3. In figure 7, the early HL, cold L-mode −100 kA/s
ramp-down simulation is compared to a simulation where the
RAPTOR sawtooth model, first presented in [49], is applied,
using the sawtooth models described in [50, 51]. A sawtooth
crash is triggered when the magnetic shear at q= 1 exceeds a
user-defined critical value sq=1,crit. In this simulation we set
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Figure 7. The impact of the sawtooth model on the early HL, cold
L-mode, −100 kA s−1 ramp-down simulation is illustrated. The
simulation without sawteeth is shown in blue solid lines, while the
simulation with sawteeth and critical magnetic shear sq=1,crit = 0.4
is shown in red dash-dotted lines. For the central temperature, a
zoom panel is included to highlight the evolution of Te0 after a
sawtooth crash. Only a minor impact on the ℓi3 evolution is
observed. (a) q0(t); (b) ℓi3(t); (c) radius of the q= 1 surface ρq=1(t);
(d) Te(ρ, t) at ρ= 0 and ρ= 0.5.

sq=1,crit = 0.4, inspired by the values mentioned for a burning
plasma in [52]. The red dash-dotted traces in figure 7 show
that the first sawtooth crash is triggered only in the second
half of the ramp-down phase, after the plasma transitions to
L-mode. The long sawtooth period during the H-mode phase
of the plasma is consistent with the fast particle stabilization
of sawteeth expected in a burning plasma [50, 53] (resulting
in a higher expected value of sq=1,crit compared to present-day
devices). The sawtooth module explicitly models the expul-
sion of energy and particles from inside the q= 1 radius after a
sawtooth event is triggered. In the the gradient-based transport
model settings (described in section 3.3), the central region
with high transport has been limited to ρinv = 0.2 for these
simulations, assuming that even during the inter-sawtooth
interval, core profile flattening can be expected close to the
center of the plasma (e.g. like discussed in [31]).

While sawtooth crashes prevent the continuous increase of
the central current density, the broadening of the current dens-
ity profile, through magnetic reconnection occurring on the
Alfvén time scale, is localized in the core of the plasma. The
impact on the time evolution of the internal inductance is neg-
ligible, as illustrated in figure 7. Since the effect of sawtooth is
modest under the present modeling assumptions, the sawtooth
model is not used in the feasibility and optimization studies
discussed further in this paper.

6. Vertical stability for different Ip ramp-rate, HL
transition timing and L-mode confinement
assumptions

6.1. Modeling results

With the set-up discussed in the previous section, a range
of different ramp-down simulations has been performed,
with each of the following Ip ramp-down rates: dIp/dt=
−50kAs−1, −100kAs−1, −150kAs−1, −200kAs−1. Note
that dIp/dt=−200kA was used as the starting point of this
study, as it is the DEMO reference design value that was also
used for the CREATE-NL free boundary equilibrium control
simulation in [20]. For each of these ramp-down rates, two
simulations are run, differing from one another in terms of
HL transition timing and the assumed L-mode confinement
quality:

• Early HL, cold L: the HL transition is initialized at t=
0.2tfinal. The H factor transitions linearly from H98y,2 = 1 to
H98y,2 = 0.5, over a duration ∆tduration HL = 15s. These are
the same assumptions that have been applied for the simu-
lation in section 5.

• Late HL, hot L: the HL transition is initialized at t= 0.4tfinal.
The H factor transitions linearly fromH98y,2 = 1 toH98y,2 =
0.75, over a duration∆tduration HL = 15s.

By executing the ramp-down simulations for both of these
assumptions, a case with a more significant confinement trans-
ition earlier in the discharge can be compared with a more
gradual confinement transition later in the discharge (giving
a rough estimate for the sensitivity to the assumed H factor
trace).

The resulting RAPTOR simulations are presented in
figure 8. As expected, increasing the absolute value of the
Ip ramp-down rate leads to an faster growth of the internal
inductance ℓi3. Furthermore, for each of the ramp-down rates,
a delayed HL transition combined with an improved L-mode
confinement quality leads to a more significant growth of ℓi3.
Improved confinement during L-mode slows down the diffu-
sion of the central plasma current, causing more significant
peaking of the current density.

Let us look in some more detail at the ℓi3 dynamics for the
slow ramp-down with dIp/dt=−50kAs−1, shown in blue in
figure 8. Interestingly, we can observe that initially, remaining
longer in H-mode leads to slightly reduced values of ℓi3 (blue
dotted line) compared to the case with early HL transition
(blue solid line). Note however that the increase in growth rate
of ℓi3 after the early HL transition is very modest when com-
pared to e.g. the dynamics observed for AUG in Part A [13].
While the late HL transition, hot L-mode case initially main-
tains lower ℓi3 values, the higher L-mode confinement during
the second half of the ramp-down phase eventually leads to a
more significant increase of ℓi3 with respect to the early HL
transition, cold L-mode case.

Furthermore, increasing the Ip ramp-down rate leads to
increasingly negative values of the parallel current density near
the edge of the plasma, as shown in figure 9. The−200kAs−1
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Figure 8. A set of RAPTOR simulations for different ramp-down rates dIp/dt=−50kAs−1 (blue), −100kAs−1 (red), −150kAs−1

(green), −200kAs−1 (light blue). For each ramp-down rate, two assumptions for the H98y,2 time evolution are considered (early HL
transition, cold L-mode in solid lines: tHL = 0.2tfinal, H98y,2 = 0.5 during L-mode; late HL transition, hot L-mode in dotted lines:
tHL = 0.4tfinal, H98y,2 = 0.75 during L-mode). (a) Ip(t); (b) H98y,2(t); (c) ℓi3(t); (d) ψ(ρ= 1, t)−ψ(ρ= 1, t= 0s) at ρ= 1; (e), (f) time
derivative of the vertical magnetic field dBv(t)/dt.

ramp-down with late HL transition features the largest ratio
between average resistive diffusion time τR and the ramp-
down time tfinal, and the most negative values of jpar. Looking
at the profile of the enclosed plasma current at the final time
step of the simulation (when Ip = 5MA), we observe a signi-
ficant negative current with a magnitude of about 3 MA in the
outer plasma region ρ> 0.7. As negative edge loop voltages
are applied for all modeled ramp-downs (except for a small
time interval in the −50kAs−1 ramp-down with early HL
transition), the expected edge poloidal flux difference is negat-
ive for all cases. Interestingly, these simulations do not indicate
a significant difference of the edge poloidal flux swing that is
required for the different Ip ramp-down rates, as quantified in

panel (d) of figure 8. Note that the edge poloidal flux difference
is not equal to the flux swing of the central solenoid, as the
flux due to the plasma external inductance and the flux due
to changing currents in the poloidal field coils need to be
accounted for (especially when changing the plasma shape).
However, these simulations indicate that significant rechar-
ging of the central solenoid can be expected during ramp-down
for DEMO.

To ensure radial position control, the time derivative of the
vertical magnetic fieldmust stay below an upper limit, depend-
ing on coil voltage limits imposed by power supplies and/or
the superconductor. While we have presently no upper limit
value available, we evaluate dBv/dt with equation (1) for the
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Figure 9. A set of RAPTOR simulations for different ramp-down
rates dIp/dt=−50kAs−1 (blue), −100kAs−1 (red), −150kAs−1

(green), −200kAs−1 (light blue). For each ramp-down rate, two
assumptions for the H98y,2 time evolution are considered (early HL,
cold L-mode in solid lines: tHL = 0.2tfinal, H98y,2 = 0.5 during
L-mode; late HL, hot L-mode in dotted lines: tHL = 0.4tfinal,
H98y,2 = 0.75 during L-mode). (a) minρ( jpar(ρ, t)); (b) jpar(ρ) at
t= 0s and t= tfinal; (c) enclosed plasma current Iencl(ρ) at t= tfinal.

different simulations, as shown in figure 8. The time derivative
dBv/dt reaches the largest absolute values during the HL trans-
ition (as expected from the βp dependence in equation (1)).
Interestingly, the best-case scenarioH98y,2 trace regarding ver-
tical stability (early HL, cold L) is the most demanding regard-
ing radial position control, with the most significant peak in

Table 2. From free boundary equilibrium control calculations with
CREATE-NL [19], the above combinations of (Ip,κ,ℓi3) are
considered controllable, as reported in [20]. For a given plasma
current, the elongation and internal inductance values provide an
upper constraint on the stable operating envelope.

Ip [MA] ℓi3 βpol κ

19.6 <0.90 1.10 <1.68
17.5 <1.00 1.10 <1.56
15.0 <1.10 1.05 <1.50
12.5 <1.25 1.00 <1.45
10.0 <1.40 1.00 <1.40
7.5 <1.60 0.10 <1.40
5.0 <1.70 0.10 <1.35

the dBv/dt trace. To disentangle the effects of HL timing and
L-mode confinement on the dBv/dt trace, we also executed
a simulation with late HL transition to cold L-mode (for the
−100kAs−1 case). For this additional simulation, dBv/dt val-
ues similar to the early HL transition to cold L-mode case
have been obtained, indicating a modest impact on radial pos-
ition control of the HL timing itself (under the assumption
that the Greenwald fraction during H-mode can be maintained
constant).

6.2. Comparison of RAPTOR-predicted ℓi3 versus
CREATE-NL vertical stability limit

6.2.1. CREATE-NL vertical stability limit. In [20], free bound-
ary equilibrium control calculations with CREATE-NL [19]
are presented for the diverted phase of the DEMO plasma
ramp-up and ramp-down. For the ramp-down, the limits to
a vertically stable operating envelope are mapped out with
respect to the plasma current Ip, elongation κ and internal
inductance ℓi3. The resulting sequence of triplets (Ip,κ,ℓi3) of
controllable operating parameters is repeated in table 2. Each
of these three parameters play an important role in the assess-
ment of vertical stability: while a degraded vertical control
efficiency can be anticipated for an increased internal induct-
ance ℓi3, corresponding to a more significant peaking of the
current density, this tendency can be counteracted by adjusting
the plasma shape, reducing the elongation. Furthermore, con-
trollability of the vertical position improves at lower plasma
current, as the coil currents for vertical stability control in the
CREATE-NL model for DEMO are more effective to counter-
act vertical position excursions at lower plasma current [20].

Considering the upper limits for internal inductance ℓi3 and
elongation κ for a given plasma current Ip (as summarized in
table 2), the potential of different ramp-down rates to maintain
the internal inductance below the upper limit for vertical con-
trollability can now be assessed. For the purpose of the feas-
ibility study presented here and the optimization introduced in
the next section, we employ these values to extract a constraint
on the internal inductance, dependent on the plasma current
value. We assume that the plasma can be maintained vertic-
ally stable if ℓi3 < fmarginℓi3 CREATE(Ip). We include a margin
factor fmargin > 1, as the present constraint ℓi3 CREATE(Ip) is a
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Figure 10. Time traces of ℓi3 within the (−Ip, ℓi3) plane, for the
RAPTOR simulations shown in figure 8. The stability limit
fmarginℓi3 CREATE(Ip) allows to assess the margin with respect to the
vertical stability limit obtained in CREATE-NL.

conservative assessment, not an optimized limit. Various con-
siderations could increase the maximum allowed ℓi3.

• Optimizing position and shape control, while using the con-
sistent kinetic profile evolution, is expected to provide some
improvement with respect to vertical controllability.

• Inclusion of in-vessel coils in the DEMOdesignwould facil-
itate more effective vertical control.

• A faster decrease of elongation κ with respect to the ref-
erence in [20] improves vertical controllability for a given
plasma current.

The vertical stability constraint ℓi3 CREATE(Ip) is indicated
in figure 10, with the diamond symbols representing the
equilibria from CREATE-NL that are introduced in table 2.
Allowing for some margin with respect to this conservative
CREATE-NL result, the lines with margin factor fmargin = 1.15
and 1.30 are also shown. The dark grey region with ℓi3 <
ℓi3 CREATE(Ip) is the regionwhere vertical stability can be guar-
anteed, while the white region ℓi3 > 1.30ℓi3 CREATE(Ip) con-
tains operating points that can likely not be maintained ver-
tically stable. Note that the x-axis is −Ip, so that moving to
the right on the abscissa corresponds to progressing time dur-
ing the ramp-down phase. Later in the ramp-down, at lower
plasma currents, a larger internal inductance can bemaintained
vertically stable.

6.2.2. Comparison to modeled ℓi3 traces. Let us now
superimpose the ℓi3 traces modeled in RAPTOR on the

Table 3. Final (maximum) value of the internal inductance ℓi3 for
the RAPTOR simulations shown in figure 8.

dIp/dt (kA s−1) tfinal (s)

ℓi3 final

(early HL,
cold L)

ℓi3 final

(late HL, hot L)

−50 256 1.84 2.12
−100 128 2.35 2.68
−150 85 2.67 2.98
−200 64 2.90 3.19

(−Ip,ℓi3) plot in figure 10. For each of the considered ramp-
down rates dIp/dt=−50kAs−1, −100kAs−1, −150kAs−1,
−200kAs−1, the two assumptions for the H98y,2 time evolu-
tion introduced in section 6 are considered: early HL transition
to cold L-mode versus late HL transition to hot L-mode. The
maximum values of ℓi3 reached at the final time of the sim-
ulation (for Ip = 5MA) are shown in table 3. As a first con-
clusion, we can observe that the tendency of the plasma to
peak the current density during the ramp-down phase leads to a
more significant increase of ℓi3 compared to the increase of the
constraining value ℓi3 CREATE, even for a conservative ramp-
rate of dIp/dt=−50kAs−1. However, allowing for somemar-
gin on the vertical stability constraint (justified by the reas-
ons listed earlier), the dIp/dt=−50kAs−1 ramp-down simu-
lations stay below upper limits with fmargin respectively 1.15
and 1.30. For the fastest ramp-down assumption (dIp/dt=
−200kAs−1), both H factor trace assumptions lead to a severe
violation of the upper ℓi3 limit with fmargin = 1.30. Also for the
simulations with intermediate Ip ramp-down rates (dIp/dt=
−150kAs−1,−100kAs−1), the upper ℓi3 limit with fmargin =
1.30 is violated. In the following section, we will attempt to
optimize the plasma current trace and the plasma shaping evol-
ution to bring the ℓi3 trace below the upper constraint, with
fmargin either 1.15 and 1.30.

7. Optimized Ip and shaping evolution to avoid
vertical instability

In the present section, feasible DEMO ramp-down scenarios
are searched for by numerical solution of an optimal control
problem for the ramp-down phase. The mathematical formu-
lation and solution procedure is discussed in section 7.1, while
the actual results are presented in section 7.2.

7.1. Formulation of the optimization problem

7.1.1. Cost function. Loosely speaking, the aim is to ramp
down the plasma current Ip as quickly as possible, while satis-
fying all physical and technical constraints. Since the plasma
density should decrease proportional to Ip to avoid density
limit excursions and since the fusion power is proportional to
the square of the plasma density, a fast decrease of Ip corres-
ponds to a fast decrease of the plasma thermal energy (also
the confinement time is expected to decrease proportional to
Ip). A fast Ip decrease hence reduces the potential impact of
depositing the stored thermal energy on the reactor vessel first
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wall. Furthermore, the electromagnetic forces acting on the
vessel after plasma disruption are proportional to I2p. To reflect
these considerations, the time integral of the plasma current is
chosen as a cost function:

JIp = νIp

ˆ tfinal

0
Ip (t)dt. (4)

The objective of the optimization problem is to minimize JIp .
The factor νIp is chosen to have a cost function around unity
for the initial condition for the ramp-down traces.

7.1.2. Constraint functions. An extensive set of physical and
technical limits constrain the ramp-down phase:

• Density limit: as the time evolution of the plasma current
Ip(t) is adjusted during the optimization, the reference dens-
ity trace nel, ref(t) (defined in section 3.3) is updated after
each iteration step, to keep the allowed Greenwald fraction
time trace unchanged throughout the optimization proced-
ure. The present work does not assess whether sufficient
pumping capacity is available to reduce the density at the
required rates.

• Vertical stability limit: ℓi3 < fmarginℓi3, CREATE(Ip), as dis-
cussed before. Note that by optimizing the plasma cur-
rent, both the internal inductance ℓi3 and the upper limit
ℓi3, CREATE(Ip) can be adjusted. The corresponding constraint
in the optimization problem is formulated as c1 = ℓi3 −
fmarginℓi3 CREATE(Ip)< 0 and should be enforced over the
entire ramp down interval.

• Ideal MHD stability: to maintain a margin with respect to
ideal MHD limits, a constraint is added to enforce a mono-
tonic increase of q95 while q95 < 4.5 (assuming that when
q95 > 4.5, a decrease can be safely allowed). This constraint
is included as plasmas with a lower q95 value are more prone
to MHD instabilities, since they operate closer to the ideal
MHD limit. Note that this is not a hard limit and could be
relaxed. The corresponding constraint in the optimization
problem is formulated as c2 =−q̇95 < 0 and should be act-
ive only for those time points when q95 < 4.5.

Through the formalism introduced in [54], the state constraints
c1(x(t))< 0 and c2(x(t))< 0 (dependent on the plasma state
x(t), which contains the radial distribution of Te, ne and ψ, as
evolved by RAPTOR) are formulated as integral constraints
(instead of a separate constraint for each tk):

Ci =

(ˆ tf

t0

(max{0,wi ci (x(t))})2 dt− ε

)
⩽ 0. (5)

The weight wi is set to unity for those times where the
corresponding constraint is active (for those times when
q95 < 4.5 for c2). We obtain the two integral constraints:
Cℓi3<fmarginℓi3 CREATE(Ip) ⩽ 0 and Cq̇95>0 ⩽ 0.

7.1.3. Optimization variables. The actuator traces that are
optimized to minimize the cost function, while satisfying the
constraints, are the plasma current Ip(t) and the elongation of

the plasma κ(t). Within the optimization problem formula-
tion, the actuator traces ui(t) (u1(t) = Ip(t) and u2(t) = κ(t))
are parametrized by the vector [p1,1 . . . p1,n1 p2,1 . . . p2,n2 ]

T.
By multiplication with a set of piecewise linear basis func-
tions (respectively n1 functions P1j(t) and n2 functions
P2j(t)), followed by summation, the actuator traces ui(t) are
recovered:

ui (t) =
ni∑
j

Pij (t)pi,j. (6)

The initial and final values of Ip and κ are maintained
unchanged by fixing the parameters p1,1, p1,n1 , p2,1 and p2,n2 .
The remaining parameters are assembled in the optimization
vector p= [p1,2 . . . p1,n1−1 p2,2 . . . p2,n2−1]

T. The optimiza-
tion variables in this vector p contain the values of the actu-
ator time traces on a set of knot points (the points indicated
with star symbols in figure 11, excluding the initial and final
time points) and are varied in each iteration of the optimization
routine.

The timing of theHL transition ismaintained fixed through-
out the optimization. The simulations in section 6 and AUG
experiments in Part A [13], as well as cross-machine analysis
in [11], highlight the importance of this parameter in determ-
ining the ramp-down dynamics. In the present work, sensitiv-
ity to this parameter has been tested by running optimizations
for different assumptions regarding the HL timing. A natural
follow-up of the present work would be the inclusion of the HL
timing as an optimization variable, as demonstrated in section
4.4 of [55]. Auxiliary current drive, e.g. ECCD, has not been
considered as an actuator to optimize the current density pro-
file in the present work. Note that EC deposition control could
also be needed to avoid tungsten accumulation in the core, or
for NTM control [10].

7.1.4. Using the elongation trace κ as an optimization
variable. As the equilibrium impacts the radial transport
equations through geometric coefficients in the diffusion
PDEs, the time evolution of the elongation κ can be used as
an optimization variable, to impact the plasma state dynam-
ics. In RAPTOR, these metrics, stacked together in the vector
g, are calculated from the output files of a CHEASE equilib-
rium solution. From the CREATE-NL equilibrium solutions
introduced in section 3.5, a sequence of metrics gκ for seven
different values of plasma elongation κ is obtained. During a
ramp-down with constant ramp rate dIp/dt, g for intermediate
time points is evaluated through linear interpolation in time.

We attempt to optimize the time evolution of the plasma
shape, by finding the optimum time trace of the elongation
κ(t). The fact that the dependencies of the geometric factors
g on κ are not analytically available, has consequences for the
optimization routine:

• Cost and constraint function gradients ∂J
∂p and

∂C
∂p have to be

evaluated numerically with finite differencing and cannot be
evaluated analytically, slowing down the optimization.
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• Lacking a coupled Grad-Shafranov solver, a consistent eval-
uation of the updated metrics g for a changed κ cannot be
obtained within the optimization routine.

After each iteration step, the geometric factors g have to be
recalculated to match the new trial of the time evolution of
the elongation κ. A linear interpolation scheme is applied
to update the metrics g. The two reference equilibria with
most similar elongation κ are identified (out of the set of
CREATE-NL equilibria κref ,i): κref 1 < κopt < κref 2. Then,
a linear interpolation in κ is applied to obtain the metric
vector g:

gκopt = gκref 1 +
κopt−κref 1
κref 2 −κref 1

(
gκref 2 − gκref 1

)
. (7)

Once an optimized ramp-down scenario is found, the adequacy
of this linear interpolation scheme can be checked by running
a set of CHEASE simulations for time points along the optim-
ized trajectory, as illustrated in section 7.4.

7.1.5. Ramp-down optimal control problem. To summarize,
the ramp-down optimal control problem can be written as:

min
p

JIp (ui (t)) ∀t ∈ [t0, tfinal] (cost) (8a)

subject to f(ẋ(t) ,x(t) ,u(t)) = 0 ∀t ∈ [t0, tfinal] (state) (8b)

ui (t) =
ni∑
j

Pij (t)pi,j (actuator parametrization) (8c)

Aineqp⩽ bineq (actuator limits) (8d)

Cℓi3<fmarginℓi3 CREATE(Ip) ⩽ 0 and Cq̇95>0 ⩽ 0 (state constraints). (8e)

The RAPTOR state evolution equation f defines the
time evolution of the plasma state x(t). The actuator limits
equation (8d) are included to impose both Ip(t) and κ(t) to
be monotonically decreasing. Note that this condition can be
written as a linear inequality constraint on p, as dui/dt⩽ 0
translates directly to

∑ni
j dPij(t)/dtpi,j ⩽ 0. At this stage, no

minimum time derivative is set. Position and shape control
studies including the poloidal field coil currents are required
to establish how fast plasma current and plasma shaping can
be changed during the ramp-down phase.

The algorithm applied to solve the non-linear, constrained
optimization problem formulated in equations (8a)–(8e) is
sequential quadratic programming (SQP) [56], as implemen-
ted in the Matlab function fmincon. This algorithm was
applied before in [1, 54]. Even though cost and constraint func-
tion gradient information has to be obtained numerically, the
fast run time of a single RAPTOR simulation allows to main-
tain the full solution of the non-linear optimization problem
computationally tractable (a few hours on a single CPU).

Generally speaking there is no guarantee that the obtained
optimum trajectory is a global optimum. Rerunning the optim-
ization from different initial conditions allows to increase con-
fidence in the obtained optimum solution. Finally, the selec-
tion of the number of optimization variables needs to give
the optimizer enough degrees of freedom to be able to find
an optimum, while a too high dimensionality leads to the risk
of over-fitting with respect to specific settings of model para-
meters. Verifying the obtained optimum trajectory with more
complete integrated modeling tools could increase confidence
in the obtained optimum.

7.2. Optimized DEMO ramp-down scenarios

A set of optimized DEMO ramp-down scenarios is summar-
ized in figure 11, with different assumptions regarding the total
ramp-down time window and the time evolution of the refer-
ence H98y,2:

(i) dIp/dt=−100kAs−1; late HL transition, hot L-mode;
(ii) dIp/dt=−150kAs−1; early HL transition, cold L-mode;
(iii) dIp/dt=−200kAs−1; early HL transition, cold L-mode.

The respective trajectories given as initial conditions to the
optimizer are the corresponding RAPTOR simulations shown
in figures 8 and 10. The red dash-dotted traces in figure 11
represent the optimum found for the optimization problem for-
mulated in equations (8a)–(8e), with Cℓi3<fmarginℓi3 CREATE(Ip) ⩽ 0
and Cq̇95>0 ⩽ 0 as active constraints. The second constraint
is added as a significant reduction of the elongation during
the early ramp-down can lead to low q95 values that could
compromise ideal MHD stability. To counteract this effect,
dq95/dt> 0when q95 < 4.5 is imposed, ensuring q95 increases
monotonically during the early ramp-down.

For cases (1) and (2), a feasible solution is found with
fmargin = 1.15, while for case (3), fmargin has to be raised to
1.30 to find a feasible solution. Both Ip and κ are approxim-
ated by linear segments, parametrized by three intermediate
knot points (at the intersection of linear segments). The end
points are maintained equal to the initial condition, while the
values of the knot points constitute the optimization variables
(6 optimization variables in total).

For each of the three cases, the optimized Ip(t) and κ(t) tra-
jectories feature both a sharp initial decrease in the first seg-
ment of the ramp-down. The initial fast reduction of Ip leads to
a very fast increase of ℓi3. However, the fast decrease of Ip also
leads to a fast increase of the upper limit fmarginℓi3 CREATE(Ip).
Furthermore, the decrease of the Ip and κ ramp-rates at the first
knot point leads to a knee point in the ℓi3(t) trace. For the three
cases, an optimum trajectory is found that avoids a violation
of the vertical stability constraint throughout the entire ramp-
down phase, while featuring a monotonic increase of q95 for
q95 < 4.5.

To illustrate the importance of the Cq̇95>0 ⩽ 0 constraint,
the green dashed traces in figure 11 represent the ramp-down
traces that are obtained if the optimum Ip trace is applied,
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Figure 11. Initial and optimized time traces for three DEMO ramp-downs: (1) dIp/dt=−100kAs−1; late HL transition, hot L-mode; (2)
dIp/dt=−100kAs−1; early HL transition, cold L-mode; (3) dIp/dt=−200kAs−1; early HL transition, cold L-mode. The time traces of
the initial ramp-down simulation are shown in solid blue lines. The time traces of the ramp-down simulation with optimized Ip and κ
trajectories are shown in red dash-dotted lines. The green dashed lines correspond to a ramp-down simulation with an Ip trace corresponding
to the optimum, and a fast reduction of the elongation κ, leading to a violation of the constraint on q95. Feasible ramp-down traces are found
with fmargin = 1.15 for (1) and (2) and with fmargin = 1.30 for (3). (a) Ip(t); (b) elongation κ(t); (c) q95(t) (the grey area indicates q95 < 4.5,
where a constraint penalizes a negative time derivative dq95/dt); (d) ℓi3(t); the vertical stability constraint from CREATE-NL is shown in
black lines, the applied fmargin factor is indicated in red text (note that two constraint curves are shown corresponding to the two different Ip
traces, respectively the solid line of the initial trajectory and the dash-dotted line of the optimized trajectory).

while reducing κ immediately to the minimum value dur-
ing the first time segment. A fast reduction of the elong-
ation is beneficial to increase the vertical controllability of
the plasma. Additionally, we observe that the fast κ reduc-
tion leads to a significant reduction of the internal induct-
ance, providing a larger margin with respect to the upper limit
fmarginℓi3 CREATE(Ip). However, the fast reduction of elonga-
tion leads to a significant decrease of q95, potentially com-
promisingMHD stability (as observed in the ASDEXUpgrade
experiment described in [13]).

We conclude that the non-linear optimization routine man-
ages to find a feasible ramp-down trace, optimizing the Ip and

κ traces to satisfy both constraints Cℓi3<fmarginℓi3 CREATE(Ip) ⩽ 0
and Cq̇95>0 ⩽ 0. In the next section, we investigate in more
detail the impact of respectively Ip and κ on the time evolu-
tion of the internal inductance.

7.3. Interpretation of the impact of the optimum Ip and κ
traces on ℓi3

To understand better the dynamics underlying the obtained
optimum trajectory, we study in more detail the optimized
Ip and κ traces for the case with dIp/dt=−100kAs−1, late
HL transition, hot L-mode in figure 11. Various simulations
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Figure 12. A set of ramp-down simulations is presented to improve our understanding of the dynamics underlying the obtained optimum
trajectory (for the case with dIp/dt=−100kAs−1, late HL transition, hot L-mode in figure 11). The initial, non-optimized ramp-down is
shown in black solid lines. The case with optimized Ip and κ evolution is presented in green dash-dotted lines. A simulation applying the
initial Ip evolution and the optimized κ evolution and a simulation with the optimized Ip evolution and the initial κ evolution are shown in
blue dotted lines and red dashed lines respectively. (a) Ip(t); (b) ℓi3(t); (c) elongation κ(t); (d) q95(t); (e) ℓi3 versus −Ip.

are performed to understand both the individual and the joint
impact of the optimized Ip and κ traces, as presented in
figure 12 and explained below.

• Initial ramp-down trajectory with constant dIp/dt and
dκ/dt (black solid trace)

• Optimized shaping evolution κ(t), while maintaining the
initial Ip(t) evolution with constant dIp/dt (blue dotted
trace)
The faster reduction of elongation κ leads to a reduction of
ℓi3 compared to the initial ℓi3 trace, throughout the entire
simulation time window. Note however that the value of q95
reduces below its flat-top value, potentially compromising
ideal MHD stability.

• Optimized plasma current evolution Ip(t), while main-
taining the initial κ(t) evolution with constant dκ/dt (red
dashed trace)
Whenmaintaining the plasma shaping evolution unchanged,
the fast plasma current reduction leads to larger values of of
the internal inductance ℓi3(t) throughout most of the sim-
ulated time window, even though the final value of ℓi3 is
reduced. The reduction of the Ip ramp-rate around Ip =
10MA leads to a knee point in the internal inductance ℓi3
trace. This illustrates that Ip is an effective actuator to tailor
the time evolution of ℓi3. For the same shaping trajectory, the
lower plasma currents lead to a more significant increase of
q95.

• Optimized plasma current Ip(t) and shaping evolution
κ(t) (green dash-dotted trace)
Application of the individual optimized traces of Ip and κ is
insufficient to maintain ℓi3 < 1.15ℓi3 CREATE(Ip). However,
as shown in the right panel of figure 12, the combined impact

of both actuators is successful in satisfying the constraint,
while q95 is monotonically increasing, remaining above the
flat-top value.

7.4. Consistency of the optimized evolution of shaping and
kinetic profiles with equilibria

Once an optimized ramp-down scenario is found, a consistent
set of CHEASE equilibria can be calculated for time points
along the optimized trajectory. This way, one can validate
whether the impact of the optimized κ trace on the plasma
state evolution has been correctly captured by the interpolation
scheme to update the metrics g introduced in equation (7).

An automated function allows the user to provide the time
points for which a consistent equilibrium is desired. For these
times, equilibria are calculated with consistent q95, elongation
κ and kinetic profiles (p′ and TT ′ consistent with the pressure p
and current density jpar of the optimized RAPTOR simulation
are provided to CHEASE). To prepare a LCFS contour with
the desired value κopt for CHEASE, a set of plasma bound-
ary control points (Ropt,i,Zopt,i) are defined. These control
points are calculated by selecting the LCFS contour (Ri,Zi)
of the equilibrium from the original sequence with elongation
κ closest to the desired value κopt and by subsequently rescal-
ing the vertical distance to the (SND) X-point for each control
point: (Ropt,i,Zopt,i) = (Ri,ZX+

κopt
κ [Zi−ZX]).

The initial sequence of CREATE-NL equilibria and a
sequence of equilibria along an optimized ramp-down traject-
ory are indicated by sets of diamond symbols in figure 13.
The boundary shape for an equilibrium at t= 55s (identified
by the green boxes in the Ip and κ time trace plots) is com-
pared between the original equilibrium (blue solid line) and
the updated, consistent equilibrium (red dash-dotted line).
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Figure 13. Initial and optimized time traces are shown for Ip, κ, q95 and ℓi3 (for the case with dIp/dt=−100kAs−1, late HL transition, hot
L-mode in figure 11). The values of plasma current and elongation of the equilibria initially obtained from CREATE-NL are indicated by
the blue diamonds. The red diamond symbols indicate the equilibria calculated during post-processing of the optimized results. These
equilibria are calculated with values of q95, κ and kinetic profiles consistent with the optimal trajectory. For an equilibrium at t= 55s
(identified by the green boxes): the initial equilibrium boundary shape obtained from CREATE-NL is compared to the boundary shape with
optimized κ. (a) Ip(t); (b) q95(t); (c) elongation κ(t); (d) ℓi3; (e) plasma boundary shape.

Now that a set of consistent equilibria has been calculated,
we can verify whether the simplified treatment of equilibrium
adjustments in the optimization scheme can be justified. Let
us compare the ℓi3 and q95 traces obtained with the optimizer
(applying a simple, linear interpolation technique to evaluate
g) with the respective values obtained with a RAPTOR sim-
ulation using the fully consistent CHEASE results as under-
lying equilibria. For ℓi3 the changes are modest, justifying the
applied linear interpolation procedure. For the q95 trace, the
change between the optimized RAPTOR simulation without
(black dash-dotted) and with consistent equilibria (green dot-
ted) is more significant. The assessment of MHD stability
of the proposed ramp-down trajectory requires more in-depth
analysis, left for future work.

8. Summary of the main findings for DEMO
ramp-down optimization

Let us summarize the main findings we can extract from the
optimization of the diverted phase of the DEMO ramp-down
in this paper, and from the insights gained in Part A [13]:

Reducing the plasma current ramp-rate |dIp/dt|

• (+) slows down the increase of ℓi3, increasing the vertical
stability margin (this effect is more efficient in conjunction
with reducing the plasma cross-section);

• (+) reduces the magnitude of negative edge currents, which
is in general safer with respect to ideal MHD stability;

• (+) increases the margin with respect to the Greenwald
limit, relaxing density decay requirements;

• (+) unlike AUG observations, the poloidal flux swing for
DEMO is little affected by changes in the length of the ramp-
down time window and recharging is observed for all con-
sidered cases;

• (−) prolongs the ramp-down duration and the dwell time at
high Ip.

Delaying the HL transition

• may be necessary if the fusion power cannot be reduced suf-
ficiently rapid;

• (+) reduces flux consumption (more recharging), although
the difference becomes smaller for faster ramp-down rates;

• (−) demands solutions for density decay and impurity con-
trol (fueling, ELM control . . .);

• (−) demands a significant amount of installed auxiliary
power, to maintain a sufficient Psep as Palpha reduces;

• (−) prolongs the dwell time at high W th.

Maintaining L-mode heating

• (+) helps maintaining a positive power balance, increasing
the radiative collapse margin after the HL transition;

• (+) increases the density limit margin;
• (+) reduces the drop of βpol during the HL transition, easing
radial position control;

• (−) while a sudden increase of ℓi3 is averted by maintaining
heating for AUG L-modes, the highly transient current dif-
fusion dynamics in the DEMO ramp-down show a dominant
impact of the loop voltage profile shape rather than the T3/2e

profile; as increased temperatures lead to a larger resistive
time τR, slowing down the current diffusion, larger values
of ℓi3 and a larger magnitude of negative edge currents res-
ult, reducing the vertical stability margin;

• (−) the reduction of separatrix power needs to be suffi-
ciently significant to trigger the HL transition (considering
the effective heating from −dWth/dt), to be managed by
real-time control.
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Reducing the plasma cross-section (reducing the elonga-
tion κ)

• (+) slows down the increase of ℓi3, increasing the vertical
stability margin (this effect is more efficient in conjunction
with reducing |dIp/dt|);

• (+) reduces the vertical instability growth rate by reducing
the elongation, increasing the vertical stability margin;

• (−) reduces q95, reducing the MHD stability margin;
• should maintain the magnetic geometry in the strike point
region unchanged, as well as the shape in front of antennas
if ion cyclotron (or lower hybrid) heating is being used.

Reduction of heavy impurity content of the plasma core

• (+) reduces the power radiated from the plasma core,
increasing the radiative collapse margin;

• (−) increases conductivity and the resistive time τR, slow-
ing down current diffusion, leading to larger values of ℓi3,
reducing the vertical stability margin;

• (−) increases the separatrix power to be handled by the SOL.

9. Conclusion

The safe termination of burning plasmas is of crucial import-
ance for the exploitation of DEMO, as very few disruption
events can be tolerated (especially at plasma currents above
Ip ∼ 5MA). The high radiated power fraction of DEMO, to
limit the heat load to be handled by the divertor, will make the
scenario sensitive to excursions from a nominal scenario, both
in stationary state and during transient phases like ramp-down:
a decrease of electron temperature leads to increasing aver-
age cooling factors for the intrinsic tungsten species and the
seeded xenon species, potentially triggering a runaway process
towards a radiative collapse. To avoid a radiative collapse dur-
ing the ramp-down phase, significant plasma heating needs to
be maintained during the L-mode phase (with the level of heat-
ing depending on how efficiently impurities can be removed
from the plasma).

The present paper applies the gradient-based transport
model introduced in [1]. A stationary RAPTOR reference for
the DEMO stationary operating point is established, based on
operating conditions discussed in the literature [8, 14, 40].
The simulation includes the effect of plasma dilution by the
fusion-born helium species as well the radiation from tung-
sten and xenon, making use of ADAS cooling factor data [37].
A reactor operating point has been presented, considering the
active constraints on performance, as well as physics limits.
Importantly, a DEMOplasma is characterized by a high degree
of self-regulation of the kinetic profiles (posing a challenge for
kinetic profile control): the power balance is dominated by the
plasma self-heating by the alpha fast particles, dependent on
temperature and density profiles and fuel dilution, and the radi-
ated power from heavy impurities, with a non-linear depend-
ence on Te.

The stationary operating point is used as initial condition
for a series of ramp-down simulations. The technical and

physical constraints that need to be simultaneously satisfied
throughout the entire ramp-down phase raise a set of trade-
offs when setting the actuator time traces. Leveraging the fast
run time of the code, feasible DEMO ramp-down scenarios
are developed in RAPTOR. A quantitative estimate is presen-
ted of the significant auxiliary heating required throughout the
ramp-down phase, to avoid a radiative collapse.

Fast ramp-down scenarios are critical for emergency
shutdown of the burning plasma, e.g. in case of divertor
reattachment [14], and are actively analysed on present-day
machines, e.g. after large tearing modes [2]. Ramping down
the plasma current tends to cause a peaking of the current dens-
ity profile, with a faster plasma current ramp-down rate lead-
ing to more significant peaking. In our simulations, signific-
ant peaking of jpar with inversion of the plasma current direc-
tion near the plasma edge is routinely observed. The corres-
ponding increase of the plasma internal inductance ℓi3 poses a
challenge for the vertical position controllability of the plasma
column, as thoroughly assessed in this paper. The MHD sta-
bility of these current density profiles should be assessed in
future work.

An upper limit on the internal inductance from CREATE-
NL [19] free boundary equilibrium control calculations is
introduced [20], dependent on plasma current Ip and elong-
ation κ. The feasibility of different plasma current ramp-
down rates with respect to this vertical control limit is
assessed: while a ramp-rate of dIp/dt=−50kAs−1 (with
ramp-down duration tfinal = 256s) seems conservative, ramp-
rates faster than dIp/dt=−100kAs−1 (tfinal = 128s) require
active optimization. For a given ramp-rate, the increase of ℓi3
can be limited by enhancing the outward diffusion of the cur-
rent density: a lower temperature (lower L-mode confinement)
or an increased effective charge Zeff allows for a faster current
diffusion time scale. The time traces of the plasma current Ip(t)
and the plasma elongation κ(t) provide effective actuators to
tailor the internal inductance trace ℓi3(t), allowing furthermore
to reduce the maximum ℓi3 without extending the time window
used for the ramp-down. A reduction of the plasma elonga-
tion allows to enhance the vertical controllability of the plasma
column, while a faster compression of the plasma results in
a reduced increase of ℓi3 according to RAPTOR modeling.
Furthermore, during fast shape changes, a significant impact of
Φ̇b (time derivative of the toroidal flux enclosed by the LCFS)
on current density peaking has been identified. However, while
reducing the plasma elongation, q95 should be maintained suf-
ficiently high, by constraining how fast the plasma shape can
be changed.

Applying the RAPTOR automated optimization routines
introduced in [1], a set of feasible ramp-down trajectories has
been derived, respecting dual constraints: while the internal
inductance ℓi3 is limited below the upper limit from CREATE-
NL, a monotonic increase of q95 during the early ramp-down
is forced. Imposing ℓi3 < fmarginℓi3 CREATE(Ip) with fmargin =
1.15, a feasible ramp-down strategy could be found for an
average ramp-down rate of dIp/dt=−100kAs−1 (tfinal =
128s), even for conservative assumptions regarding the HL
transition and confinement quality (for dIp/dt=−150kAs−1,
tfinal = 85s, a feasible ramp-down with fmargin = 1.15 could
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only be found under favorable confinement conditions: an
early HL transition and low confinement quality during L
mode allowing for faster outward current diffusion). For
dIp/dt=−200kAs−1 (tfinal = 64s), a feasible ramp-down
scenario could be found under favourable confinement condi-
tions and assuming a larger margin fmargin = 1.30 with respect
to the constraint from CREATE-NL can be achieved. Note that
the avoidance of negative current densities near the plasma
edge has not been included as an objective in these optim-
izations. While geometry modifications between iterations of
the optimizer have been implemented in an ad-hoc way, this
approach has been successfully validated by re-simulating the
optimized trajectories with a loose coupling to the CHEASE
fixed boundary equilibrium solver.

The inherently coupled nature of the kinetic (q, Te, ne)
and magnetic (position and shape) control problems demands
integrated simulations to test the feasibility of established
ramp-down strategies. The kinetic profile evolution of the
optimum ramp-down trajectory should be confirmed with
higher fidelity integrated modeling tools (including impurity
transport, pedestal model etc). Ideally, whole-device model-
ing should be envisioned, including SOL dynamics and pump-
ing efficiency. Iteration or coupling between a transport solver
and a free boundary equilibrium control model (like CREATE-
NL [19]) is required to assess controllability. More specific-
ally: for the optimized ramp-down trajectories proposed in
this paper, it should be verified whether the poloidal field
coils allow for the proposed changes in plasma elongation,
and whether the plasma equilibria can be maintained radially
and vertically stable (for the modeled kinetic profile evolution,
plasma elongation and for a given DEMO design, e.g. with or
without in-vessel coils).

It should be emphasized that the optimized trajectory can be
tailored in real-time with accurate knowledge, since RAPTOR
is RT-compatible on present-day tokamaks and much more
time and computing power is available in a DEMO reactor.
In particular the best timing for the H-L transition can be
determined under several pre-defined conditions, including the
Greenwald fraction time evolution, and triggered in real-time
when approaching an unsafe operating boundary. Similarly,
the level of heating in L-mode should be as low as possible,
while controlling the adequate power balance with respect to
the radiated power.
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Appendix. Evaluating τE and τE scl in a plasma with
high levels of radiated power

When evaluating the confinement enhancement factor H=
τE/τE scl, a proper definition of the loss power PL is required,
present both in the confinement time formula τE =Wth/PL,
and in the scaling law dependency τE scl = τE 98y,2 ∼ P−0.69

L .
The standard implementation of the gradient-based transport
model assumes PL = Pheat− Ẇth, with Pheat the total plasma
heating power (ohmic, alpha and auxiliary) and Ẇth = dWth/dt
(this term is equal to zero for the stationary operating points
shown in this appendix, but non-zero during ramp-down). This
definition of the loss power does not subtract any fraction
of the power radiated directly from the core plasma. In [57],
IPB98(y, 2) confinement scaling predictions are compared to
ASTRA-TGLF simulations to come up with a proper PL cor-
rection term accounting for the core radiated power. By sub-
tracting 60% of the radiated power inside ρ= 0.75, the best
agreement between simulation and scaling law is obtained, i.e.
PL = Pheat− Ẇth−Prad core with Prad core = 0.6

´ 0.75
ρ=0 praddV.

Applying these corrections in the gradient-based model
impacts the predicted temperatures and stored thermal ener-
gies. For a given H factor, e.g. equal to unity, one can write
τE =Wth/PL ∼ τE scl = τE 98y,2 ∼ P−0.69

L , hence for the result-
ing stored energy one can writeWth ∼ (PL)τE(PL)

−0.69
τE scl

. While
applying the Prad core subtraction in (PL)τE leads to a reduced
W th, the loss power correction in the scaling law tends to
increase W th (since confinement degrades with increasing
power). Depending on which of both loss power factors (PL)τE
and (PL)τE scl is correctedwith a radiated power subtraction, we
can hence distinguish four cases13 (the three cases for which a
RAPTOR stationary state is found are shown in figure A1 and
table A1):

• The electron temperature profile for the reference case
without loss power corrections is represented in blue in
figure A1.

• The net effect of the double loss power correction pro-
posed in [57] leads to a reducedW th. This can be illustrated
by comparing the blue and the dashed red Te profiles in
figure A1.

13 While (PL)τE = (PL)τE scl is the most consistent assumption [57], we
include all four cases to provide amore complete overview of the impact of the
different definitions on the predicted temperature and stored thermal energy.
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Figure A1. A comparison is shown between Te profiles for the DEMO stationary state calculated in RAPTOR, for different assumptions
regarding the way radiated power is taken into account when calculating the loss power. The three profiles have an H factor equal to unity
H98y,2 ∼ (PL)0.69τE scl

Wth/(PL)τE = 1. For the blue profile (PL)τE = (PL)τE scl = Pheat− Ẇth, corresponding to the standard implementation of
the gradient-based model as applied in this paper. For the red dashed profile (PL)τE = (PL)τE scl = Pheat− Ẇth−Prad core, as proposed in
[57]. For the green dash-dotted profile, (PL)τE scl = Pheat− Ẇth−Prad core, while (PL)τE = Pheat− Ẇth.

Table A1. The stationary DEMO operating points obtained in RAPTOR are presented, for different assumptions regarding the way radiated
power is taken into account when calculating the loss power. The three cases have an H factor equal to unity
H98y,2 = (PL)0.69τE scl

Wth/(PL)τE = 1. The first two columns indicate whether or not Prad core is subtracted, respectively in the loss power terms
(PL)τE and (PL)τE scl .

(PL)τE (PL)τE scl H98y,2 (no Prad core) Prad core W th

����−Prad core ����−Prad core 1.01 102 MW 1257 MJ
−Prad core −Prad core 0.92 105 MW 1093 MJ

����−Prad core −Prad core 1.15 102 MW 1508 MJ

• SubtractingPrad core only in the scaling law evaluationwould
lead to the dash-dotted green profile in figure A1, with
improved confinement.

• No stationary operating point was found for the case where
Prad core is only subtracted for the confinement time eval-
uation. This can be understood by considering the corres-
ponding expression:

H98y,2 =
τE

τE 98y,2
∼ Wth

Pheat− Ẇth−Prad core

(
Pheat− Ẇth

)0.69
(A.1)

Evaluating this expression with the Te profile obtained
with the standard settings of the gradient-based model (no
Prad core subtraction, blue profile in figure A1), leads to an
H factor above one (confinement is degraded, the blue Te is
too optimistic). However, by decreasing Te, both numerator
and denominator decrease, respectively due to a reducedW th

and an increased Prad core. Interestingly, this leads to the fact
that, when reducing Te (by reducing µTe), no profile satisfy-
ing H98y,2 = 1 is found.

In this paper, the H factor is calculated without subtracting
Prad core in (PL)τE and (PL)τE scl . Not applying the Prad core cor-
rections as proposed in [57] in the gradient-based transport

model is equivalent to assuming a confinement enhancement
of about 10%.
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