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Abstract

Modeling of the pedestal performance in the DTT
tokamak

Hampus Nyström

This master thesis concerns the modeling of the pedestal in the 
fusion plasma device DTT and its dependence on several plasma 
parameters. The modeling was performed using the Europed code which 
is based on the EPED model.

Several parameters were found to have a significant impact on the 
pedestal predictions. This included the plasma current, toroidal 
magnetic field and the density at the pedestal top. It was also found 
that the relative position between the temperature pedestal and 
density pedestal as well as one of the coefficients in the EPED model 
had a large impact on the pedestal predictions. Of these, the 
coefficient in the EPED model and the relative position shift are 
expected to impart the greatest uncertainty in the pedestal 
predictions performed. The reason for this is that there is currently 
no reliable method for estimating these parameters beforehand of an 
experiment.

In the span of this work it was also found that restrictions on the 
safety factor in the core could have large impacts on the pedestal 
predictions.
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Populärvetenskaplig Sammanfattning
Kärnfusion är en lovande energikälla för framtiden då den inte resulterar i utsläpp av
växthusgaser och tillgångarna på bränsle är stora. Det finns dock flera problem som
måste lösas innnan en komersiell fusionsplasmareaktor kan realiseras. Ett av de stora
problemen är kopplat till de extrema värmebelastningar som reaktorkärlet blir utsatt
för. Ett nytt fusionsexperiment vid namn DTT (Divertor Tokamak Test) håller just
nu på att utformas för att undersöka det här problemet. Värmebelastningen på
reaktorkärlet är till stor del beroende på en tunn region nära kanten på plasman.
Denna region kallas pedestalen och skiljer sig från resten av plasma i att de radiella
profilerna av temperaturen och densiteten är väldigt branta.

I det här examensarbetet så har pedestalen i DTT blivit modelerad och dess beroende
på flera plasma parametrar har undersökts. Modeleringen har gjorts med koden Eu-
roped för att beräkna bredden på pedestalregionen och temperaturen på dess topp.
Europed är baserad på EPED modellen som har visat sig beskriva pedestalen väl i
flera fusionsforskningsanläggningar.

Flera parametrar visade sig ha en stor effekt på den beräknade pedestalen. Av dessa
tillförde två en större del osäkerhet till pedestalberäkningarna då det inte finns någon
tillförlitlig metod för att förutspå dessa innan ett experiment. Den första av dessa var
den relativa positionen mellan densitetpedestalen och temperaturpedestalen. Den
andra var en koefficienten från EPED modellen som i vanliga fall uppskattas från
experimentella data.

Beräkningarna av pedestalen i detta arbete sätter gränsvillkoren för beräkningarna
av kärnan av plasman. Det här arbetet kommer därför hjälpa till att förutspå DTTs
prestanda och därför även hjälpa till att optimisera DTTs design.
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1 Introduction
The purpose of this section is to present the background knowledge needed to un-
derstand this work. This includes a short walkthrough of thermonuclear fusion,
magnetic confinement and instabilities in fusion plasma. The section is concluded
by presenting the objective and scope of the work that has been performed in this
thesis.

1.1 Background

Humanity consumes more and more energy for each passing year which has led to
the need for significant energy production [1]. The large majority of the energy that
is produced today comes from fossil fuels. The formation of fossil fuels is a process
that is so slow that it in all practicality is a finite resource which will be depleted
in a relatively near future if the current consumption continues. The burning of
fossil fuels also has a significant impact on the environment, raising the average
global temperature through the greenhouse effect [2]. These drawbacks of fossil
fuels create the need for alternative energy sources in the future. One possibility for
a carbon emission free energy source that also has sufficient fuel to cover humanity’s
needs for the foreseeable future is fusion power.

1.1.1 Fusion

The principle of fusion power is to fuse two lighter nuclei into a heavier one, releasing
energy in the process. Currently the most promising reaction is that of deuterium
and tritium fusing into helium, releasing a neutron and energy in the process [3].
The benefits of this choice of reaction are several but part of it is the relatively
high reaction cross section at relatively low temperatures in comparison to other
reactions. Deuterium exists in sea water in sufficient quantities for sustaining our
energy needs for the foreseeable future. Tritium however only exists very sparingly
in nature as it is a radioactive isotope that decays. Due to this, one of the require-
ments for fusion as a future power source is to find an efficient way of producing
tritium. The foremost proposed method for this is through tritium "breeding" in
a blanket region around a potential reactor. This blanket region would let the ex-
cess neutrons produced in the fusion reaction interact with lithium, fissioning it and
thereby creating tritium self sufficiently.

Achieving fusion is no simple feat as atomic nuclei are positively charged, resulting
in a repulsive force between them. The two nuclei need very high velocities to
overcome this force and the required energy is called the Coulomb barrier. One
way of achieving this is through thermonuclear fusion, which entails heating a group
of nuclei until their thermal velocities are high enough to overcome the Coulomb
barrier. This requires extremely high temperatures, on the order of 100 million
degrees kelvin. Currently in many fusion research facilities, the particles are in the
form of a plasma which needs to be confined. The confinement is important for
many reasons. One is to keep the plasma to a small volume so that the density
and pressure can be kept high. Another reason is to protect any wall material from
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Figure 1: Schematic figure of a tokamak. Figure taken from [4].

the extreme temperatures of the plasma and likewise to protect the plasma from
interacting with any wall material and thereby cooling it down.

1.1.2 Magnetic confinement and the tokamak

As a plasma is a collection of charged particles it can be confined by a magnetic
field. Equation 1 gives the Lorentz force ~F that a particle with charge q and velocity
~v experiences in an electric and magnetic field ~E and ~B. This force makes it so that
charged particles can move freely along magnetic field lines. However, if they try to
move perpendicular to the magnetic field lines a force is exerted which changes the
direction of the particles path.

~F = q ~E + q~v × ~B (1)

Assuming there is no electric field, the force exerted is always perpendicular to the
particles path so no energy is added to the particle. If we then also assume a uniform
magnetic field, the magnitude of the force will be constant and can be equated with
a centripetal force forcing the particle to follow magnetic field lines in a helical path
as it cannot move freely in the plane perpendicular to the magnetic field lines. This
essentially confines the particle to a cylindrical surface whose radius is determined by
the strength of the magnetic field, the mass of the particle and the particle velocity
perpendicular to the field lines.

In a tokamak device the magnetic field lines are curved into a torus to contain the
charged particles in a circular path. This can be seen in figure 1 where the toroidal
magnetic field is created by the toroidal field coils. The above argument of how the
Lorentz force confines the particles assumed a uniform magnetic field with no electric
field present. However, the curving of the field lines into a torus makes it so that the
magnetic field is no longer uniform. On the inboard side of the torus the magnetic
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Figure 2: Representation of a
toroidal coordinate system. φ is the
toroidal angle, θ the poloidal angle,
r the minor radial coordinate and
R0 is the major radius..

field becomes slightly stronger than the outboard
side leading to the names HFS (high field side) and
LFS (low field side) respectively. The presence of
this gradient in magnetic field strength causes the
particle orbits to drift, where the charge of the par-
ticle determines the direction of the drift. This in
turn results in a separation of the charges which
creates a problematic electric field in the plasma,
leading to a loss of confinement. A way of solving
this problem is to connect the top and the bottom
of the plasma which in the tokamak design is done
by adding a current to the plasma which induces
a poloidal magnetic field. This can also be seen in
figure 1 where the plasma current and poloidal magnetic field are shown as green
arrows. The plasma current is generally initiated by an inner solenoid which is also
shown. The addition of the poloidal magnetic field results in a helical magnetic field
that can properly compensate for the drifts caused, thereby confining the plasma.

Due to the geometry of the tokamak, and the symetries that exist, the plasma is
usually described in toroidal coordinates as seen in figure 2. The coordinates for the
toroidal angle φ, poloidal angle θ and minor radial coordinate r can then describe
all points within the plasma. The radial coordinate can however be described by a
different quantity which ensures certain useful symetries in the poloidal angle.

In the plasma of a tokamak device there exists magnetic flux surfaces, on which
certain quantities are preserved. A magnetic flux surface is simply a closed surface
in the plasma where the scalar product of the magnetic field and the normal of the
surface equal zero at all points, ~B · n̂S = 0. In the case of a tokamak these surfaces
form nested toruses in the plasma and they can be defined in several different ways.
One way is to label the flux surfaces by the magnetic flux that passes through a
surface that goes from the magnetic axis (middle of the plasma) to the flux surface.
This is called the poloidal flux ψ. The flux surfaces gives a new way of describing
the minor radial coordinate for a plasma which ensures that certain quantities are
constant in θ for a given ψ.

A fusion plasma can collect various impurities which affect the plasma performance.
Impurities in fusion plasmas are often described by defining the effective ion charge,
Zeff , the definition of which can be seen in equation 2 where ni is the number
density of the ion with charge number Zi. In a fusion plasma the temperatures are
high enough to completely ionize most atoms. This means that the electron density
is very well approximated by ne =

∑
i niZi.

Zeff =

∑
i niZ

2
i∑

i niZi
=

∑
i niZ

2
i

ne
(2)
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The impurities the plasma collects can come from several different sources. One
source of impurities are the fusion products themselves but impurities can also enter
the plasma from the wall of the tokamak vessel or by being intentionally injected.

Figure 3: Schematic fig-
ure of the flux surfaces in
a poloidal cross section of
a tokamak. Figure taken
from [5].

If all of the magnetic flux surfaces would be closed, im-
purities would start to build in the plasma degrading the
plasma performance. Due to this, at a certain radial point
the flux surfaces are generally allowed to open, essentially
creating a channel through which particles can leave the
plasma. The point at which this happens is called the sepa-
ratrix (sometimes also known as the last closed flux surface),
which forms a distinct x-point in the profile of the flux sur-
faces. This can be seen in figure 3 which shows a poloidal
cross section of the plasma with three flux surfaces marked,
including a closed flux surface, an open flux surface and the
separatrix. The path that is opened in the confinement of
the plasma is directed towards two so called divertor plates.
These divertor plates are constructed to be more tolerant
to the intense bombardment of hot particles compared to
the other plasma facing components such as the inner wall
of the tokamak vessel. The poloidal flux is often normal-
ized to 1 at the separatrix and is then called the normalized
poloidal flux ψN = ψ/ψsep, where ψsep is the poloidal flux
at the separatrix.

The shape of a tokamak plasma is often characterised by several parameters, for
references on what R and z donotes in the following definitions, see figure 2. One
of the most fundamental shape parameters is the major radius which is given by
R0 = (Rmax +Rmin)/2 where Rmax and Rmin are the maximum and minimum value
of R along the separatrix. Another is the minor radius of the tokamak which is given
by a = (Rmax − Rmin)/2. Aside from these two parameters the triangularity will
also be described here due to its influence on plasma behaviour. The triangularity
can be divided into the upper and lower triangularity where the upper triangularity
is given by δu = (R0 −Rzmax)/a where Rzmax is the value of R at the highest z along
the separatrix. The lower triangularity δl is defined in the same way but using the
value of R at the lowest z along the separatrix instead. The total triangularity of a
plasma is then the average of the upper and lower triangularity.

There are several different parameters that can be used to assess the performance
of a tokamak device. One such parameter is the plasma beta which is the ratio
between the plasma pressure and the magnetic pressure. It is given by equation 3
where p is the pressure, B is the magnetic field and µ0 is the magnetic permeability
in vacuum.

β =
p

B2/2µ0

(3)

The plasma beta is essentially a measurement of how effectively a magnetic configu-
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ration confines the plasma for a given magnetic field. It can also be separated into a
poloidal and toroidal part where the magnetic field in the expression is changed with
only the poloidal or toroidal component respectively. As β is determined by local
quantities of pressure and magnetic field it can vary within the plasma. In this work
βp will mean the global poloidal beta which is the the poloidal beta calculated using
the volume averaged pressure and field strength. Another parameter of significant
importance in evaluating the performance of a tokamak is the energy confinement
time τE. The energy confinement time is a measure of the time it takes for the
plasma to lose energy to its surroundings. As such it is a direct measurement of the
confinement properties of the device. If the energy confinement time doubles this
implies that the configuration is twice as good at confining the energy of the plasma.

1.1.3 Magnetohydrodynamics and instabilities

The plasma in a tokamak is a very complex system with particle densities on the
order of 1020 m−3 where the particles can interact with each other. Due to this
complexity several different simplified models of the plasma exist that each describe
a different part of its behaviour.

One model that is efficient for studying many large scale instabilities that arise
in the plasma is the MHD (magnetohydrodynamic) model. MHD describes the
plasma as an electrically conductive fluid. The equations that describe this fluid are
derived from Navier-Stokes and Maxwells equations. This means that the plasma
is described by macroscopic quantities such as temperature, density and pressure at
all points instead of studying the velocities and trajectories of individual particles.

For a fusion plasma to be stable it must be in a state of MHD equilibrium. An MHD
equilibrium is a plasma configuration where there are no changes in its macroscopic
properties over time without outside influence. However, in any real world system
there can arise perturbations. These shift a given equilibrium and if the equilibrium
is stable towards that kind of perturbation the system returns to the equilibrium. If
the equilibrium is unstable towards a given perturbation however, the perturbation
grows instead.

When an instability arises, it is essentially a deformation of the torus of confined
plasma. A helpful way of analysing these deformations is to separate them into
discrete spatial frequency components. This is done by taking a 2D spatial fourier
transform in the toroidal and poloidal coordinates. The periodicity of the system
in θ and φ then means that a generic perturbation in a circular, large aspect ratio
tokamak can be described according to equation 4.

ξ(r, θ, φ, t) =
∑
m

∑
n

ξm,n(r, t)ei(mθ−nφ)eγm.nt (4)

Where m and n are the poloidal and toroidal mode numbers respectively, ξ gives the
magnitude of the perturbation and γ is the growth rate. The separation in different
modes is important as different modes exhibit different stability behaviours.
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One important aspect of MHD is the stabilizing effect of the safety factor, which
for a large aspect ratio tokamak can be approximated by q = (aBt)/(R0Bp). One
requirement for the plasma to be stable according to MHD theory is that q > 2 at
the separatrix [6]. Aside from this specific result the safety factor is an important
parameter for the MHD stability in general.

The instabilities predicted by the MHD model are separated into several categories.
One of the divisions that is made is between ideal and resistive modes. Resistive
modes are dependant on the finite resistance of the plasma while the ideal modes
would arise even if the plasma was perfectly conducting. Another division is between
the driving force behind the instability with pressure driven modes and current
driven modes. Ballooning modes are driven by gradients for instance while peeling
modes are destabilized by electrical currents in the plasma.

1.1.4 H-mode and the pedestal

During operation, if a certain threshold power is reached, a fusion plasma can tran-
sition from L-mode (low confinement) to H-mode (high confinement). The H-mode
regime typically results in an increase in τE by a factor of 2 or more. Due to this
characteristic H-mode is currently the desired regime in most tokamak devices.

Figure 4: Profile representation
with (a) the entire profile and
(b) a magnification of the H-mode
pedestal region

H-mode operation was initially discovered in 1982
at ASDEX [7]. It was quickly discovered that the
transition from L-mode to H-mode was accompa-
nied by the formation of a transport barrier at the
plasma edge. This was evident from the forma-
tion of steep gradients in both the electron density
and electron temperature profiles which elevated
the profile as a whole [8]. This elevation of the
electron profiles led to the name "pedestal" for this
edge region of H-mode plasmas. A representation
of an L- and H-mode pressure profile can be seen
in figure 4 where panel (a) shows the entire pro-
file and panel (b) shows the pedestal region. The
pedestal shape is here described by two parameters,
its height and width.

mtanh(r) =
h

2

[
(1 + sx)ex − e−x

ex + e−x
+ 1

]
(5)

x =
2(ppos − r)

∆

One way of estimating the pedestal height, width and position for experimental data
is to fit an mtanh (modified hyperbolic tangent) function to it [9]. The expression
for this function can be seen in equation 5 where h is the pedestal height and ∆ is
the pedestal width. ppos is the pedestal position which is given by the middle of the
pedestal. s is a parameter that allows for an incline in the core profile.
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In figure 5 an example of an experimentally measured temperature pedestal can be
seen. The figure is taken from [10] and shows experimental measurements along with
an mtanh fit. The mtanh fit gives the pedestal height and width, where h is marked
by a horizontal blue line and ∆ by the distance between the two vertical blue lines.
The pedestal position from the fit is also marked by a vertical black dashed line.
The data in this figure also gives an example of the uncertainties involved in the
measurements of parameters in fusion plasmas. Measuring the temperature, density
and pressure at specific positions in the plasma is no simple task and the scattering

Figure 5: Experimental measurements
(gray circles) of a temperature pedestal, to-
gether with mtanh fit (blue dashed line),
between R=3.7m and 3.9m. The pedestal
width is marked by two solid vertical lines
and the height by the horizontal solid blue
line. The black vertical dashed line marks
the pedestal position. Figure taken from [10].

in the data can be quite large.

The formation of the pedestal has been seen
to be accompanied by periodic discharges
of particles and energy which are called
ELMs (Edge Localized Modes) [11]. These
ELMs appear to be the main limiting fac-
tor for the height of the pedestal. Normally
the pedestal width and gradient grows until
an ELM is triggered, resulting in a rapid
collapse of the pedestal. Afterwards the
pedestal stabilizes and start to increase in
width and gradient again, till the next ELM
is triggered. The process is then repeated in
a cyclical behavior. There are some operat-
ing regimes where this is not the case, such
as quiescent H-mode [12], and other physical
effects limit the pedestal instead.

1.1.5 Edge localized modes

The physical mechanisms that create ELMs are not well understood and several
types of ELMs have been observed with different behaviours. They are generally
categorized according to a definition by [13] due to their experimental characteristics
but some disagreement still exists about the definitions of the more exotic ELMs.
Two types of ELMs are more commonly encountered, the first is type-III ELMs
that are characterised by a decrease in repetition frequency with increasing heating
power and are seen close to the H-mode transition limit. At higher heating power
the ELMs generally transition to type-I ELMs, which are characterised instead by an
increased repetition frequency with increasing heating power. The onset and repeti-
tion frequency of ELMs is most easily observed through Dα emissions. Dα emission
is emitted light with a very specific wavelength. When an ELM is triggered there is
large spike in the Dα emissions. An example of this can be seen in figure 6 where
the ELMs are clearly visible. What shows that the ELMs in figure 6 are type-I is
that the repetition frequency increases at t = 1.1s which was correlated with an
increase in the stored energy of the plasma. Aside from the difference in repetition
frequency behaviour, type-I ELMs also generally result in larger discharges of par-
ticles and energy than type-III ELMs and can therefore cause significant damage to
the plasma facing components such as limiters and divertors.
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Figure 6: A series of type-I ELM impulses from
DIII-D where a change in repetition frequency from
50Hz to 75 Hz can be seen which was correlated to an
increase in the stored energy of the plasma. Figure
taken from [14].

Type-I ELMs have since their discov-
ery been strongly connected with bal-
looning modes and their description
has been expanded in some theories
by including peeling modes and their
coupling to ballooning modes [15].
This ideal MHD stability model de-
scribes how large edge currents desta-
bilize low n peeling modes and high
pressure gradients destabilize high n
ballooning modes. This model pre-
dict the existence of one stable do-
main and of one unstable, separated
by a peeling-ballooning (PB) stabil-
ity boundary. Type-III ELMs are
usually seen well before the predicted
PB boundary and are therefore not
well described by this model. At
lower heating power, where type-III ELMs are seen, the resistivity of the plasma
is generally higher than at the higher heating powers where type-I ELMs occur.
This can explain why an ideal MHD model might not be sufficient to describe type-
III ELMs, as some resistive effects might destabilize the plasma before the ideal PB
limit is reached.

The PB model has been implemented in several codes such as ELITE [16] and
MISHKA [17] for use in stability analysis of the pedestal and onset of ELMs. The
stability boundary that this model and these codes predict is often studied in j −α
phase space where j is the edge current density and α is the normalized pressure
gradient, in this work defined as in [18].

α = −2∂ψV

(2π)2

(
V

2π2R0

) 1
2

µ0∂ψp (6)

In equation 6, V is the plasma volume, µ0 the permeability in vacuum and p the
total pressure.

A schematic representation of such a stability boundary can be seen in figure 7(a) and
(b). In this model, the pedestal of a plasma is expected to evolve within this stability
region, tracing a trajectory in j−α space, until it reaches the stability boundary at
which point an ELM is triggered. This point would correspond to just before one of
the ELM spikes in figure 6. The ELM results in a collapse of the pedestal, reducing
the pressure gradient and the current density. The pedestal then stabilizes and again
starts to evolve until it reaches the stability boundary, creating the periodic pattern
of ELMs seen in figure 6. The ELM process is shown schematically in figure 7(a).
The stability boundary indicates when at least one perturbation mode has become
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unstable. Therefore different regions of the stability boundary can be destabilized
by different effects. Which mode that becomes unstable can also differ along the
stability boundary. In figure 7(b), the kind of destabilizing mode is marked as
determined by where the operational point intersects the stability boundary. The
operational point is the momentary configuration of the plasma with a certain jped,
α and profile in the pressure, temperature and density. The arrows in figure 7(b)
indicate the direction of increasing toroidal mode n of the perturbation mode that
becomes unstable. The shape of the stability boundary in these two figures is just a
schematic representation and the shape can change as a function of several variables
such as triangularity, toroidal B-field, plasma current and more.

Figure 7: PB stability boundary representa-
tion with (a) a simple description of how an
ELM progresses and (b) the type of destabi-
lizing mode marked along with arrows indicat-
ing the direction of increasing unstable mode
n. In (a) the operational point is assumed to
evolve in the stable region until it reaches the
stability boundary (1), at which point the loss
of containment leads to a drop in α (2). This
in turn results in a drop in j until the pedestal
stabilizes (3) and the process starts again.

In the pedestal region j is dominated by
the so called "bootstrap current". The
bootstrap current is driven by pressure gra-
dients rather than electric fields. The pres-
sure gradient is very steep in the pedestal
region which results in a much stronger
bootstrap current in the pedestal region
compared to the bulk plasma. The boot-
strap current is also strongly dependent on
the collisionality of the plasma [19]. The
collisionality is a dimensionless parameter
that gives a measure of the ratio between
the collision frequency of the plasma and
the frequency of the motion of the par-
ticles in the plasma. The dependence of
the bootstrap current on the collisional-
ity makes it so that in a high collisional-
ity plasma the bootstrap current is sup-
pressed, resulting in a ballooning limited
pedestal with higher n modes destabilizing
the pedestal. Consequently in a low col-
lisionality plasma the bootstrap current is
not suppressed, leading to a higher current
density for a given α. The higher current
for a given α results in a more peeling lim-
ited plasma with lower n modes destabiliz-
ing the pedestal [16]. The expression for
the electron-electron collisionality of the
pedestal, used in [20], can be seen in equa-
tion 7.

ν∗ee,ped =
R0q95

ε
2
3λee

(7)

In equation 7, ε = a/R0 is the inverse aspect ratio, q95 is the safety factor at
ψN = 0.95 and λee is given by equation 8 where ne,ped and Te,ped are the electron

9



density and temperature at the pedestal top and ln(Λ) is the Coulomb logarithm.

λee = 1.47 × 1023
T 2
e,ped

ne,pedln(Λ)
(8)

One important aspect to note from this relation is that the collisionality is roughly
proportional to ne/T 2

e .

The dependence of the bootstrap current on the collisionality leads to a strong de-
pendence of the trajectory of the operational point in j − α space, and therefore
also on where the operational point intersects the stability boundary, on the col-
lisionality. It has further been shown that the collisionality has a large effect on
the accuracy of various bootstrap current models [20] as well as on the size of the
resulting ELM discharges when the stability boundary is reached [21].

1.1.6 EPED model

By using the PB model a dependence of the pedestal height on the pedestal width
can be calculated for a given set of operational parameters but a prediction of the
pedestal height and width before an experiment is not possible. In the EPED model
[22], the peeling ballooning model has been combined with another dependence of
the pedestal height on the pedestal width based on kinetic ballooning modes (KBM)
to allow such a prediction. The argument based on kinetic ballooning modes in [22]
predict a dependence of the pedestal width on the poloidal beta of the form seen in
equation 9.

∆ = c1β
1
2
p,ped (9)

Where βp,ped is the poloidal beta at the top of the pedestal and c1 is a coefficient
that in the original version of EPED (EPED1) was taken to be approximately con-

Figure 8: Representative figure of the prin-
ciple behind the EPED model

stant. The relation in equation 9 will here-
after be called the KBM criterion. The
poloidal beta is in turn given by equa-
tion 3, using only the poloidal component
of the magnetic field. Equation 3 and 9
together gives a second relation between
the pedestal height and width which, when
combined with the PB model, allows for a
prediction of the height and width where
these relations intersect. This can be seen
in figure 8 where the pedestal height is
given by the pressure at the pedestal top.
In EPED1, c1 was determined by fitting the expression to experimental data, with
good correlation in DIII-D using c1 = 0.076 [22]. Since then this model has been
applied to experimental data from other devices resulting in different values for c1

and at times also different values for the same device. At JET-ILW comparison
with experimental data has resulted in values of c1 between at least 0.06 and 0.13
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[23] and showed a trend of increasing c1 with increasing collisionality where the low
collisionality cases had a good correlation with the standard EPED1 value.

EPED was originally developed at the General Atomics for the DIII-D experiment
[22] and has recently been adapted to JET and other fusion experiments in the
Europed code [24]. The EPED model has shown good agreement with experimen-
tal results from the DIII-D experiment as well as other devices (Europed will be
discussed more in detail in section 2).

1.2 DTT

The pedestal is important for two main reasons. From one side, good pedestal
performance is essential to achieve a high core plasma temperature. On the other
side, pedestal physics is essential to understand the heat loads on the machine
wall. Therefore, predicting the pedestal behavior is vital for both the present-day
experiments and for optimizing the design of any new fusion experiments, such as
ITER and DEMO [25].

Parameter Value
R0 [m] 2.11
a [m] 0.64
Ip [MA] 5.5
Bt [T] 6
q95 3
Zeff 1.7

Table 1: Planned parameters for
the standard single null scenario of
DTT as of april 2019. Values taken
from [26].

One of the major challenges of the future fusion
power plants will be to handle the heat loads pro-
duced on the machine wall. To tackle this issue, a
new fusion experiment named DTT is under design
[27]. The main purpose of DTT is to study new
divertor configurations, as well as other power ex-
haust solutions, and how they perform in a DEMO
like plasma. To this end DTT has been designed to
have bulk and edge plasma parameters that are as
close as possible to those predicted for DEMO. The
main goal is thereby to demonstrate which, if any,
alternative power exhaust solutions are viable for
DEMO from both a technological and economical
perspective [28].

The current timetable is for DTT to be operational by 2025 and continue until the
initial phases of the DEMO realization. Some of the parameters that are planned
for DTT for the full power standard single null scenario [26] are summarized in table
1.

1.3 Thesis objective and scope

The main objective of this thesis work has been to model and predict the plasma
temperature and plasma pressure in the pedestal region of DTT. This will contribute
to predict the DTT performance and will help to optimize the DTT design.
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The pedestal predictions have been made by utilizing the Europed code to get
an initial assessment of the DTT pedestal. The work has then been extended to
study the impact on the pedestal performance of several physics and engineering
parameters (such as plasma current, magnetic field and poloidal beta). This has
been done in several stages:

• Validation of parameters: An analysis of the required discretization to
avoid discretization errors, as well as the number of significant toroidal per-
turbation modes that need to be included in the calculations to get reliable
results from the numerical pedestal predictions.

• Dependence on essential parameters: The dependence of the pedestal
prediction to essential parameters for describing the plasma has been studied.
This includes specifications of the plasma current, toroidal magnetic field and
plasma impurities. Qualitative explanations for the behaviours observed have
then been put forth.

• Dependence on boundary conditions and physics assumptions: For
the pedestal predictions several boundary conditions need to be specified. Ad-
ditionally, certain physical quantities are required as inputs to Europed such as
the electron density at the pedestal top. The effect of changing these param-
eters has been studied to get an estimate of the dependence of the pedestal.
Qualitative explanations for the behaviours observed have then been put forth.

• Dependence on model assumptions: The c1 coefficient in the KBM cri-
terion of the EPED model is normally fitted to experimental data. As no
experimental data is available for DTT the dependence of the pedestal on c1

has been studied.

This work will not validate the Europed code or the EPED model as this has previ-
ously been done [22, 24]. Instead the focus will be put on justifying the numerical
parameters used as well as analyzing the results of the pedestal predictions from a
physical perspective.
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2 The Europed code

This section is meant to describe how the Europed code works, the physical models
it is based on as well as how the code has been developed. The parameters that
have been used in this work will be covered in section 3.

2.1 General features
The Europed code [24] was developed from the EPED1 model, mainly for use at
JET. The code functions by taking an array of pedestal widths as input. This
array is determined by a minimum and a maximum value as well as a discretization
given by the number of steps n∆ in between the two. For each given width the
pedestal height is given by the KBM criterion. The width, height and other necessary
input parameters are then used to calculate the equilibrium using HELENA, a fixed
boundary equilibrium solver. The calculated equilibria are used by a PB stability
code to calculate the growth rates γ of a list of toroidal perturbation modes, also

0.020 0.025 0.030
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0.02

0.04

0.06
A

Figure 9: Example of growth rate
(γA = γ/ωA) of the most unstable
mode vs the pedestal width from Eu-
roped. The gray dashed line represents
the criticality condition and the blue
point is the predicted pedestal.

given as input, for each equilibrium. A criticality
condition is then applied to the growth rates to
determine when a mode becomes unstable. The
implemented criticality condition that has been
used in this work is that a mode is considered
unstable if γ exceeds 0.03ωA where ωA is the fre-
quency of Alfven waves at the plasma core.

The predicted pedestal is given by the lowest
width at which a mode is unstable, which also
has a corresponding height from the KBM crite-
rion, thereby giving the complete pedestal pre-
diction. An example of this is shown in figure 9
where the red points are the calculated growth
rates for the equilibria corresponding to each
pedestal width input. For the regions between
the pedestal widths given as input the growth
rate, and other parameters, are estimated by lin-
ear fits from the two closest equilibria. Due to this it is necessary to have sufficiently
small steps between the input widths to avoid significant discretization errors. A
schematic representation of how the Europed code works can be seen in figure 10.

The necessary inputs required to run Europed include the plasma current, toroidal
magnetic field, pedestal density and total plasma beta. Then follows several other
inputs such as impurities represented by the effective charge Zeff , what toroidal
modes and pedestal widths the stability is to be calculated for as well as discretiza-
tions of radial profiles. Aside from specifications of these parameters the Europed
code also requires a parametrization of the separatrix. This can either be given in a
text file with R and z values or an up-down symmetric parametrization can be cre-
ated by Europed by specifying several shape parameters, including the triangularity
and minor and major radius.
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Figure 10: Schematic representation of how Europed works

To run Europed, several boundary conditions also need to be specified. This in-
cludes the electron temperature, ion temperature and the electron density at the
separatrix. The temperature boundary conditions are implemented by first specify-
ing the electron temperature at the separatrix Te,sep and then the ion temperature
Ti,sep is set to a multiple of this value. The relation between the ion and electron
temperature has been studied in [29] where increasing collisionality sees the ratio
between the two converging to 1 while at lower collisionality Ti/Te > 1.

In Europed the PB stability calculations can be done by using either the ELITE [16]
or MISHKA [17] codes. The choice between the two should be arbitrary as ELITE
has been benchmarked against MISHKA and both codes agree very well for toroidal
modes n > 4 [30]. In this work the MISHKA code has been used for all pedestal
predictions using Europed.

To estimate the bootstrap current, there are four different models implemented that
can be chosen between in Europed. The most accurate but also most computa-
tionally heavy is the NEO code [31] which is a neoclassical code that solves a set
of equations derived from the drift-kinetic equation. The three other utilize sim-
pler models which makes them more effective, albeit at the cost of some accuracy.
These are the Hager [32], Sauter [19] and Koh [33] models. The Sauter model has
been found to overpredict the bootstrap current at high collisionality but has shown
good correlation with the NEO code at lower collisionality [34]. This overpredic-
tion mainly leads to a shift of the peeling stability boundary but can also have an
effect on the ballooning boundary depending on the boundary shape where a very
straight ballooning boundary with practically the same α along its length should
only be very weakly affected. The Koh model was developed from Sauter to give
better predictions for high collisionality and low aspect ratio devices but reduces to
the Sauter model in the low collisionality and high aspect ratio limit. The Hager
model is a separate model which when compared to NEO and Sauter in [20] showed
good agreement with NEO at high collisionality and generally gives a lower boot-
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strap current compared to the Sauter model. In this work, the Sauter model has
been used unless otherwise specified. This was decided after an investigation that
is presented in section 4.2.1 where all the implemented models have been compared
to each other.

2.2 Additional features

Relative shifts between the density pedestal position and the temperature pedestal
position was first observed many years ago [35] and further works have noted their
generally destabilizing effect on the PB-stability of the pedestal [36–38]. To allow
study of this behaviour an option to shift the pedestal density position relative to
the pedestal temperature position has been added in the Europed code. This has
allowed for study of the relative pedestal shift where Europed has been shown to
give reliable results if the experimentally obtained pedestal shift is included in the
calculation [36]. In Europed the relative shift xpedne

− xpedTe can either be given in
absolute units in terms of ψN or as a fraction of the estimated pedestal width.

In the original EPED1 model, the coefficient c1 in the KBM criterion was fitted to
experimental data from DIII-D. Later works have however shown that this coefficient
can vary from device to device and also in the same device [23, 39]. Additionally,
data from NSTX has shown a better fit with a higher exponent than 0.5 [40]. Due to
these findings Europed has been implemented with the possibility of varying both
the exponent and the c1 coefficient in the KBM criterion. This allows for fitting
to specific devices and to allow study of the impact of the exponent and c1 on the
predicted pedestal height and width.

2.3 Outputs

Europed uses two other codes to create the data needed for the pedestal predictions.
These codes include HELENA for the equilibrium and ELITE or MISHKA for the
PB stability. In this section the outputs of interest for this work, from Europed as
a whole and from HELENA, will be described.

2.3.1 Europed outputs of interest

Europed outputs the pedestal height and width along a trajectory in j − α space
determined by the equilibrium and the KBM criterion. It then specifies when the
results become marginally stable, i.e reach the stability boundary. As such Europed
cannot output the stability boundary in j − α space as it does no 2D scan of this
space. What it does output is all relevant output parameters for each point along the
operational point’s trajectory as well as the critical value where it reaches marginal
stability.

The most esential output parameters are the pedestal height and width, which in
Europed are given for the electron temperature pedestal. Additionally the width is
assumed to be the same for the temperature and density pedestals. If the pressure
is desired it can be calculate by the simple relation pe = kTene, were the Te is in
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K, ne in m−3, pe in Pa and k is the Boltzmann constant. This relation between the
pressure, temperature and density means that the pressure pedestal top wont be at
the same location as the temperature and density pedestal top. The temperature
and density pedestals are usually well described by mtanh functions though, which
leads to the pressure pedestal top being very well approximated by simply using
the temperature and density pedestal heights in the equation pe = kTene to get the
pressure pedestal height.

Aside from these values two more outputs of considerable importance exist. The
first is the maximum normalized pressure gradient in the pedestal αmax along the
trajectory and at the critical point. As the stability boundary is not calculated αmax
can be a good indicator of how the PB stability changes. Calculating full stability
boundaries takes substantially longer time than an Europed run but if needed can
be calculated. This is done by the use of other programs, that performs dedicated
2D scans of j − α space using an equilibrium code such as HELENA and a PB
stability code such as ELITE or MISHKA.

The last output of considerable interest is the most unstable mode nMU . Europed
calculates the stability for all the modes specified and outputs the mode that is
most unstable when the critical growth rate is reached. As the instability of modes
is assumed to vary quite smoothly, the modes with the most significant influence on
the stability are assumed to be close to nMU which makes this a good indicator of if
sufficiently high modes are included. That is if nMU is close to the highest included
mode this can indicate that more modes need to be included in the calculations. It
can also indicate whether the pedestal is peeling, ballooning or PB limited as low n
indicates a peeling limited pedestal, high n a ballooning limited one and intermediate
n a PB limited pedestal.

2.3.2 HELENA outputs of interest

HELENA is run for each pedestal width used as input to Europed, with their cor-
responding pedestal height from the KBM criterion, and calculates the equilibria.
This means that HELENA can output radial profiles of various parameters that
can be of interest in the analysis of the pedestal. This includes ion and electron
temperature profiles and profiles of the pressure and density, all of which can give
insights into how the changing of boundary conditions or bulk plasma parameters
affect the pedestal. HELENA also outputs profiles of the safety factor and current
which can be invaluable from an analysis perspective.

There exists infinite possible equilibria, HELENA iterates the equilibrium until it
finds one that satisfies the input parameters that are used. This means that further
restrictions can be implemented to further restrict which equilibria it converges to.
One such example is the value of the safety factor q. An implemented feature in
Europed is to run either q0 unrestrained or restrained. q0 is the value of the safety
factor at ψN = 0. Using the unrestrained version results in HELENA putting no
requirements on the value of q0 and only iterating to match the other input pa-
rameters. Sometimes this can result in values of q0 which are not generally seen in
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experimental data and therefore an option to run HELENA q0 restrained was imple-
mented. This essentially entails putting restrictions on how the q profile looks in the
core region, which in turn can affect the pedestal region. This is done by specifying
a value that q0 should take as well as specifications of additional parameters for
determining the inductive current profile.
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3 Simulations

Parameter value
Ip 5.5MA
Bt 5.97T
ne,ped 1.4×1020m−3

Zeff 1.7
Zmain 1
ZI 6
Ti/Te 1
βp 0.43

ne,sep/ne,ped 0.25
Tsep 100eV

xpedne
− xpedTe 0ψN

Table 2: The parameters used for
the reference case

This section will present the parameters that have
been used for the simulations in this work as well as
which assumptions that have been made. The set
of parameters that have been used in this work, and
hereafter will be called the "reference case", can be
seen in table 2.

For the reference case the separatrix has been used
as input and not calculated using Europed. Figure
11 shows the separatrix of the reference case. This
is the parametrization that has been used for all
Europed runs in this work.

All runs have been performed using MISHKA for
the calculations of the growth rates and using the
Alfven criticality condition, γ = 0.03ωA, to deter-
mine when a mode is unstable.
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Figure 11: The separatrix that has
been used as input for the Europed
runs

The implemented bootstrap current model that has
been used in this work is the Sauter model. The
choice of this model will be justified in section 4.2.1.

Unless otherwise specified the runs have been made
with nr = 501 points in the radial profiles. Addi-
tionally the pedestal width scans have been made
in n∆ = 20 points between 0.01 and 0.035 [ψN ].
The toroidal modes that have been included in the
calculations are: 5, 7, 10, 15, 20, 25, 30, 35, 40, 45,
50, 60, 70. The choices of these discretizations and
the modes included will be justified in section 4.2.2
by a scan in the parameters to see when higher dis-
cretization no longer results in a significant change
in the pedestal prediction.

Due to the fact that the predictions in this work
are performed for a device that does not yet exist,
there are several assumptions that need to be made
as there is no experimental data to base the choices on. In the KBM criterion the
exponent is mainly derived from a simplified physical relation that has shown good
correlation for most devices, as such no change in the parameter will be studied
in this work. The coefficient in the KBM criterion though was initially matched
to experimental data in DIII-D and has since then been shown to fluctuate greatly
between devices and also between pulses of the same device. As DTT is not yet
built there is little data we can use to justify any choice of coefficient. Therefore for
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the reference case the same coefficient that was chosen for the initial EPED1 has
been chosen here, c1 = 0.076.

The runs have also been performed q0 restrained with q0 set to 1, which is a typical
value. This was decided as the initial unrestrained run resulted in a q0 of 0.58 which
was deemed too low to be realistic.

The results presented in this work are based on several assumptions. The most
important of these is that the pedestal needs to be limited by type-I ELMs that are
triggered on the PB boundary for these predictions to be applicable to the DTT
scenario. This type of regime is also what is predicted for DTT. To encompass as
much of the pedestal behaviour of the reference case as possible wide scans in several
parameters have been performed. This includes scans in essential plasma parameters
such as Ip, Bt and Zeff but also in boundary conditions and in model assumptions.
Performing wide scans in the parameters is important to encompass the pedestal
behaviour even if some of the parameter assumptions that have been made proves to
be far from what is seen in the experimental data or if the plan for some engineering
parameter changes. For the parameter scans that have been performed, qualitative
arguments have been put forth to explain the observed behaviour. When this has
not been possible, further investigation has been performed to find the cause.
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Figure 12: The calculated electron temperature (a), electron density (b) and total pressure (c)
critical profiles from HELENA for the reference case.
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Figure 13: The electron temperature (a), electron density (b) and total pressure (c) profiles from
figure 12 for the region ψN = 0.95− 1.

4 Results
In this section, first the pedestal prediction for the reference case will be presented
after which the operating parameters will be justified and further analysis of the
pedestal will be performed through parameter scans.

4.1 Pedestal prediction for DTT reference case

Parameter value
Te,ped [keV] 1.92

∆ [ψN ] 0.026
αmax 4.85
nMU 45

Table 3: Europed prediction for
the reference case

The main pedestal prediction for the DTT reference
case was done using the parameters in table 2 and
the other specifications in section 3. For the refer-
ence scenario, Europed calculated a pedestal whose
main parameters are listed in table 3 where the high
nMU indicates a ballooning limited pedestal. Addi-
tionally the corresponding critical profiles created
through a linear combination of the two HELENA
equilibria closest to the Europed prediction are seen
in figure 12 and 13. There the pedestal is clearly
visible as the edge region with significantly higher
gradients.
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4.2 Validation of parameters

In this section the validation of the choice of bootstrap current model, included
toroidal modes and choice of discretizations is presented.

4.2.1 Choice of bootstrap current formula

Four different bootstrap current models are implemented in Europed. To determine
which model to use, the reference case has been used for predictions using each of
the four implemented bootstrap current models. The result of these runs can be
seen in table 4.

jbs current Te,ped ∆ nMU

model
Hager 1.548 0.02418 70
Sauter 1.923 0.02695 45
Koh 1.902 0.02681 45
NEO 1.997 0.02746 35

Table 4: pedestal temperature, width and most unstable mode as a function of bootstrap-current
formula.

The NEO code is the most accurate of the implemented bootstrap current codes.
However from table 4 it is clear that both the Sauter and Koh models give similar re-
sults to NEO for the reference case. The Hager model shows a very large discrepancy
with the results from the NEO code. It is also clear that for the Hager model, higher
modes most likely need to be included as nMU is the same as the highest included
mode. Additional modes should only reduce the pedestal stability further though,
meaning that including them would only make the Hager case further underpredict
both the pedestal height and width. As the NEO code is slow in comparison to the
other implemented models it has been decided in this work to use the Sauter model
as it shows good agreement with NEO for the reference case.

The correlation between Sauter and Hager with NEO has also been studied in [20]
where it was seen that at low collisionality the Sauter model better approximated
the NEO results while at higher collisionality the Hager model outperformed Sauter.
To get an appreciation of the collisionality of the current case we can use the same
method for calculating the collisionality as used in [20] which can be seen in equation
7. For the reference case this results in ν∗ee,ped = 0.137. This fits fairly well into the
range of collisionality where the Sauter model has good correlation to NEO according
to [20].

4.2.2 Choice of discretizations and included modes

For any numerical calculation finding an operating space that fulfills requirements
on accuracy and computational time is of importance. For Europed this includes
mainly two parts. The first is discretizations of the radial profiles and pedestal
widths; and the second is the number of toroidal modes included in the calculation.
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To find which modes provide a significant contribution to the pedestal predictions
multiple runs of the reference case have been made while adding higher and higher
modes. When the pedestal prediction stops being dependent on higher modes it
has been deemed that sufficient modes are included. All modes up to the highest
included have not been used in the pedestal predictions to increase the speed of
the calculations. The assumption is that γ changes quite slowly as a function of
the mode number. This means that two n that are quite close to each other are
expected to have very similar γ for a given equilibrium. Not using all modes up to
the highest included is therefor not expected to significantly affect the accuracy of
the pedestal predictions.

For the discretization in the radial profiles and the pedestal widths a similar scan
has been done. For the pedestal width the number of steps n∆ that the equilibrium
was calculated for in the range ∆ = 0.01− 0.035ψN was increased until the pedestal
prediction stopped being significantly dependent on higher discretization. For the
radial profiles the number of points in the profiles nr was increased instead.

The results in figure 14 and 15 show the predicted Te,ped and nMU for repeated
Europed runs with added toroidal modes and higher discretizations in radial profiles
and pedestal widths. The highest included mode that had been used before this
examination was n = 70. As can be seen in figure 14(a) the pedestal height appears
to stabilize around n = 45 and using modes up to n = 70 is clearly sufficient for
the reference case. This is an interesting result as n = 45 is also when the highest
included mode stabilizes in figure 15(a). As the number of significant modes can be
highly affected by other parameters it is important to find an indicator for if a run
has sufficient modes included. The reason for this is to remove the need of doing a
similar scan as done here for every parameter change as such scans are very time
consuming. From the results seen here, having the highest included mode being
larger than nMU seems to be a good indicator of if sufficient modes are included.
This is also assuming that sufficiently high modes will not contribute to the pedestal
stability due to finite larmor radius effects as discussed in [16]
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Figure 14: Te,ped as a function of (a) the highest included mode (b) number of points in the
radial profile (c) number of pedestal width steps.
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Figure 15: nMU as a function of (a) the highest included mode (b) number of points in the radial
profile (c) number of pedestal width steps.

The dependence on the discretizations in the radial profiles and the pedestal widths
are not expected to be significantly affected by alterations in other parameters.
Therefore it is sufficient to see that the discretizations used are high enough for the
reference case to stop being dependent on higher discretization. First looking at
the number of points in the radial profiles it is clear that the pedestal predictions
in figure 14(b) stop being impacted by higher discretization well before nr = 501
which is the number of radial points that have been used for the rest of the runs in
this work. The same can be seen in figure 15(b).

For the pedestal widths discretization in figure 14(c) the pedestal temperature seem
to be very slightly affected in the range studied and the pedestal predictions have
clearly stopped being dependent on higher discretization at n∆ = 20 which has been
used for the other runs in this work. The oscillating behaviour of nMU with n∆ in
figure 15(c) despite the constant pedestal height prediction in figure 14(c) is likely a
result of the fact that not all modes up to the highest included mode are included in
the calculations. For the runs used here no modes between 40 and 45 are included
to increase the speed of the calculations. The oscillating behaviour in figure 15(c)
could therefore be explained by the most unstable mode actually being one of the
modes between 40 and 45.

4.3 Dependence on essential parameters

As there is still a possibility that the plasma parameters for DTT will change, it
is essential to do scans in as many relevant parameters as possible to study their
effect on the predicted pedestal. This section presents the results of the scans of
essential parameters. This includes studying the impact on the pedestal prediction
of changes in the toroidal B-field, the plasma current Ip, the poloidal β and the
amount of impurities represented by Zeff .
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Figure 16: Results of an Europed plasma current and toroidal field scan using the reference
case while varying Ip and Bt. Both (a) and (b) display the predicted electron temperature at
the pedestal top (b) is a magnified image of the relevant region. The points marked with squares
correspond to the data in figure 18 and the points encircled had nMU close to the highest included
mode, meaning they are expected to overestimate the pedestal temperature.

5.0 5.2 5.4 5.6 5.8 6.0
Ip[MA]

0
1
2
3
4
5
6

m
ax

(a)

Bt = 5.64
Bt = 5.75
Bt = 5.86T
Bt = 5.97T

Bt = 6.08T
Bt = 6.19T
Bt = 6.30T

5.0 5.2 5.4 5.6 5.8 6.0
Ip[MA]

4.0

4.5

5.0

5.5

m
ax

(b)

Figure 17: Results of an Europed plasma current and toroidal field scan using the reference case
while varying Ip and Bt. Both (a) and (b) display the maximum normalized pressure gradient
in the pedestal (b) is a magnified image of the relevant region. The points marked with squares
correspond to the data in figure 18 and the points encircled had nMU close to the highest included
mode, meaning they are expected to overestimate αmax

4.3.1 Plasma current and toroidal field

The plasma current and toroidal B-field are intrinsic parts of defining a tokamak
configuration. Therefore they are able to impact the pedestal through several differ-
ent physical effects. q95 is known to have a significant effect on the pedestal stability
and is roughly proportional to Bt/Ip. Therefore a change in this ratio is expected to
have a significant impact on the pedestal stability. Another effect from changing Ip
can be realised by looking at the expression for α. Equation 6 shows that the deriva-
tive with respect to the poloidal flux is taken twice. This means that α scales very
roughly as ψ−2, where ψ in turn is approximately proportional to Ip. This means
that even if we do not see any change in α there should be an increase in pressure
to compensate for the change in ψ, and this change should scale approximately as
I2
p . As the current and field are such intrinsic parameters and due to their combined
influence on q95, a detailed scan is of interest. Additionally the intention was to do a
scan to much lower currents than what is shown here, at constant q95 by scaling the
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Figure 18: Results of an Europed plasma current and toroidal field scan using the reference case
while varying Ip and Bt, keeping the ratio Bt/Ip constant. (a) displays the predicted electron
temperature at the pedestal top while (b) displays the maximum normalized pressure gradient in
the pedestal. (c) shows the total pressure profiles corresponding to the encircled points in (a) and
(b) in the pedestal region. The data in these plots correspond to the data marked with squares in
figure 16 and 17

field with it. Running Europed with low current and low field was however not pos-
sible as arbitrarily large modes were significant for the Europed calculations, making
the pedestal predictions unreliable. The reason for this is investigated in section 4.6
and not covered in this section. Due to this limitation a more detailed scan was
performed, albeit in a narrow region, around the reference case for Ip between 5MA
and 6MA, and Bt between 5.64T and 6.30T.

The pedestal height predictions for the Ip − Bt scan are shown in figure 16. The
circled points had nMU close to the highest included mode and are therefore expected
to overestimate the pedestal stability, and therefore also the pedestal temperature.
Despite this a definite decrease of the pedestal height with increasing current and
with decreasing field can be seen. This initial observation is consistent with their
respective effect on q95 which in turn affects the pedestal stability. This can be
confirmed by looking at figure 17 where α is clearly affected, indicating a change in
pedestal stability. From figure 16 it is also clear that, in this region, the change in
Bt has a larger impact on the pedestal temperature than Ip. This can be explained
by the fact that increasing Ip lowers the pedestal stability due to a reduction in
q95 and thereby lowers α. For a given α however the pressure needs to increase to
correct for the change in ψ. For a decrease in Bt the stability is also lowered due to
a reduction of q95 resulting in a lower α, there is however no change in ψ. Therefore
the net change in the pedestal temperature is larger when changing Bt compared to a
change in Ip. To confirm that the change in pedestal stability is mainly determined
by the change in Bt/Ip and that the rest of the change in pedestal temperature
can be explained by ψ scaling approximately as Ip, simulations with the same ratio
between Ip and Bt have been compared in figure 18. This data corresponds to
the points marked with squares in figure 16(b) and 17(b). In figure 18(a) and (b)
we can see a clear increase in the pedestal temperature while there is only a very
weak change in α. This indicates that the effect on the stability of Ip and Bt can
be mainly tied to the ratio between them. A higher Ip then results in an increased
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Figure 19: Results of an Europed poloidal beta scan using the reference case while varying βp.
(a) displays the predicted electron temperature at the pedestal top while (b) displays the maximum
normalized pressure gradient in the pedestal. (c) shows the total pressure profiles corresponding
to the encircled points in (a) and (b), where red has βp = 0.2, blue βp = 0.43 and purple βp = 0.6.

temperature and pressure on its own to counteract the scaling of ψ. The gray dashed
line in figure 18(a) is the line that goes through the reference case (the data point
circled in blue) and that assumes the pedestal temperature scales as I2

p for fixed
Bt/Ip. This shows that even though this scaling can describe most of the change in
the predicted pedestal temperature it cannot describe it completely. A closer look
on α in figure 17(b) of the points marked with squares shows that there is still a
weak increase in α with increasing Ip and Bt which could compensate for some of
the discrepancy between the I2

p scaling and the actual pedestal predictions. The
change in α would be explained by a change in collisionality due to the temperature
increase from the ψ scaling. The increased temperature would result in a reduced
collisionality moving the operational point along the PB boundary towards lower n.
Assuming an inclined ballooning boundary with higher α for higher j, this would
result in an increase of α.

Explaining the origin of the increased unstable mode number of the circled points,
in figure 16 and 17 as well as for the low current-low field runs is harder to do from
the data presented here. A further investigation will instead be performed in section
4.6.

4.3.2 Poloidal beta

An effect of increased βp is a proportional change in the Shafranov shift which is the
outward radial displacement of the centre of the flux surfaces [41]. The shafranov
shift in turn has been shown to be stabilizing for PB instabilities [42]. Therefore
the expectation is that increasing βp will lead to a significant effect on the pedestal
stability. To study the effect of changing βp on the predicted pedestal, a scan has
been performed using the reference case while varying βp between 0.2 and 0.6.

The dependence of βp,ped on total βp has been shown to be dependent on triangularity
[29, 43]. As βp,ped is proportional to the temperature pedestal height this means
that the dependence of Te,ped on the total βp also is dependent on triangularity. The
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triangularity of the reference case used in this work is relatively high which means
we would expect a large increase in the pedestal height with βp. This is not what is
observed in the results in figure 19 though.

From figure 19(a) it can be seen that the predicted pedestal is very weakly affected
by βp. The increase in temperature pedestal height for a change in βp from 0.2 to
0.6 is only 7.8%. In figure 19(b) it can be seen that the change in α is likewise very
small which indicates that the effect of βp on the pedestal stability is essentially
negligible for the current case. Looking at the pressure profile in figure 19(c) we
see an expected strong dependence of the core pressure on βp but essentially no
dependence of the pedestal pressure.

These results do not match previous studies of the effect of βp on the pedestal height
in other devices, for instance [29, 43], and therefore a further investigation has been
performed in section 4.6 to get a better understanding of this weak dependence of
the pedestal height on βp.

4.3.3 Impurity content

In Europed the description of the plasma is simplified by assuming there are only
two kinds of ions in the plasma, the main ion and a single impurity. When running
Europed what is specified is the charge number of the main ion and of the impurity.
From the definition of Zeff and assuming only one impurity, the effective charge
then determines the amounts of the main ion and the impurity for a given electron
density.

The effective ion charge can have several effects on the pedestal. On one side in-
creased Zeff at fixed electron density with hydrogen as the main ion leads to fewer
ions in the plasma. This results in a reduction in the total pressure for a given tem-
perature. On the other hand Zeff affects the electron ion collisionality that in turn
has a large effect on the bootstrap current and therefore on where the operational
point reaches the stability boundary.

In the reference case hydrogen has been assumed to be the main ion, Z = 1, and
the main impurity has been assumed to be carbon, Z = 6. The scan of the impurity
content was performed by running Europed repeatedly using the reference case while
varying Zeff between 1 and 3. A value of Zeff = 1 denotes no impurities at all in
the plasma while Zeff = 3 means 10% of the ions are carbon ions when that is
assumed to be the main impurity. As the planned Zeff for the DTT single null case
is 1.7 this span was deemed sufficient.

In figure 20(a) we can see no real change in Te,ped with Zeff for the carbon case.
However, in figure 20(b) we can see a slight decrease in the normalized pressure
gradient, 8.3% for a change in Zeff from 1 to 3. A decrease in α generally leads to
a reduction in pressure which should also affect the temperature but for this case
additional physical effects seem to be affecting the results.
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Figure 20: Results of an Europed impurity scan using the reference case while varying Zeff

between 1 and 3 for two main impurities. (a) displays the predicted electron temperature at the
pedestal top while (b) displays the maximum normalized pressure gradient in the pedestal. The
circled points correspond to the profiles in figure 21. The gray line is the predicted values of the
ZI = 74 scan from re-scaling the ZI = 6 scan using the dilution effect.

If the stability and pressure of the plasma remains unaffected by Zeff there will still
be a change in the pedestal temperature due to the dilution effect [10]. The main
argument is shown in equation 10 where it is assumed that the main ion is hydrogen
and there is only a single impurity. ni,ped is the sum of the hydrogen density and
the impurity density. Tped is the pedestal temperature, which is assumed to be the
same for the electrons and ions. ZI is the charge number for the impurity.

pped = k(ne,pedTped + ni,pedTped)

ni,ped = ne,ped
(ZI + 1) − Zeff

ZI

Tped =
pped

k(ne,ped + ni,ped)
=

pped
ne,pedk

(
1 +

ZI + 1 − Zeff
ZI

)−1

(10)

Due to the dilution effect, if varying Zeff has no effect on the pedestal pressure there
is still an expected increase in pedestal temperature with increasing Zeff .

In figure 20(a) we see no dependence of the pedestal temperature on Zeff for the
carbon case. The change in the temperature pedestal height due to the reduction
in α seen in figure 20(b) therefore seems to be almost perfectly counteracted by the
temperature increase from the dilution effect. In figure 21(b) and (c) we see a very
slight increase of the electron temperature and electron density with increasing Zeff .
However, in 21(a) we see a decrease in the total pressure with increasing Zeff . That
the pressure goes down with increasing Zeff is consistent with a decrease in α.

To understand the cause of the reduction in α, that lowers the pressure with in-
creasing Zeff we need to take a look at the electron ion collisionality. The electron
ion collisionality is essentially given by the collisionality in equation 7 multiplied
by Zeff . As there is essentially no change in temperature and density, the electron-
electron collisionality should stay practically constant. On the other hand a constant
electron-electron collisionality with an increasing Zeff results in an increase in the
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Figure 21: The HELENA profiles of the cases encircled in figure 20. All cases used the reference
case with varying Zeff where the red profile has Zeff = 1, the blue Zeff = 2 and the purple
Zeff = 3. What is displayed is the total pressure profile (a), the electron temperature profile (b)
and the electron density profile (c), all between ψN =0.95 and 1.

electron-ion collisionality. This increase in electron-ion collisionality should then
result in a moving of the operational point along the stability boundary towards
higher n. Assuming an inclined ballooning boundary with higher α for higher j,
this would result in a reduction of α. That the increase in pedestal temperature
from the dilution effect and the reduction in pedestal temperature due to increased
electron-ion collisionality are the same for carbon would then simply be a coincidence
for this specific case and does not necessarily apply to different scenarios. This due
to the fact that the shape of the stability boundary is dependent on several other
parameters such as shape parameters, current and field.

The dilution effect is dependent on the effective charge of the impurity. In DTT the
first wall and divertor are planned to be made of tungsten, meaning this will likely be
the main impurity in the plasma. Due to this fact, the Zeff scan was also performed
using ZI = 74 which can also be seen in figure 20(a). The gray dashed line shows the
predicted temperature for the tungsten scan using the predictions for the carbon scan
and adjusting it for the change in ZI in the dilution effect. This does not explain the
entire difference between the two cases. The additional change can be explained by
the lower α of the tungsten case compared to the carbon case in figure 20(b), which
becomes more pronounced for higher Zeff . The dilution effect results in a larger
increase in temperature for lower ZI . Therefore the pedestal temperature for the
tungsten case is lower compared to the carbon case. The reduction in temperature
leads to a reduction in the collisionality which leads to the operational point moving
towards even lower n for the tungsten case compared to the carbon case, reducing
α. For the Zeff = 1.7 used in the reference case there is a 7.3% drop in predicted
pedestal temperature height for a change from carbon to tungsten.

The results seen in this work does not necessarily match the experimental results seen
from impurity seeding in for instance AUG [37] and JET [43, 44]. Impurity seeding
is the act of adding external impurities to the plasma which results in an increase
in Zeff . The purpose of the added particles is to cause radiation of energy from
the plasma edge to the wall, thereby dissipating some of the energy that otherwise
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Figure 22: Results of an Europed separatrix temperature scan using the reference case while
varying Tsep between 50eV and 300eV. (a) displays the predicted electron temperature at the
pedestal top while (b) displays the maximum normalized pressure gradient in the pedestal. The
circled points correspond to the profiles in figure 23.

would end up focused at the much smaller divertor plates. The reason that the
results here do not match [37, 43, 44] is due to the fact that the change in Zeff for
this case is a change in the intrinsic Zeff with no other implications. This cannot be
said for the case of impurity seeding. In AUG, nitrogen seeding was accompanied
by an inwards shift of the density pedestal, shifting the current density inwards and
thereby increasing the pedestal stability, resulting in a net increase of the pedestal
pressure [37]. In the JET case there is no explanation for the experimental results
observed from the perspective of the EPED model [43, 44].

4.4 Dependence on boundary conditions and physics assump-
tions

This section presents the results of the scans in boundary conditions and physics pa-
rameter assumptions. This includes studying the impact on the pedestal prediction
of changes in Tsep, pedestal density position, ne,sep and ne,ped.

4.4.1 Separatrix temperature

The temperature of the separatrix is an important parameter for the pedestal predic-
tions as it sets the boundary condition for the temperature. For the KBM criterion,
an increase of Tsep leads to a lower temperature gradient for a given pedestal height
but a higher average temperature in the pedestal. The effect this has on the pedestal
stability is hard to analyze without a deeper analysis of the shape of the temper-
ature profile and the resulting pressure profile. The second effect of changing Tsep
is the raising of the temperature profile as a whole due to the increased boundary
condition. Increasing Tsep should therefore result in an equivalent increase of the
temperature pedestal height in addition to any effect it has on the pressure gradient.

In DTT, two different estimates have predicted separatrix temperatures of 100eV
and 200eV. To cover both estimates a scan in the separatrix temperature has been
performed using the reference case while varying Tsep between 50eV and 300eV.
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Figure 23: The HELENA profiles of the cases encircled in figure 22. All cases used the reference
case with varying Tsep where the red profile has Tsep = 50eV , the blue Tsep = 175eV and the
purple Tsep = 300eV . What is displayed is the total pressure profile (a), the electron temperature
profile (b) and the electron density profile (c), all between ψN =0.95 and 1.

In figure 22(a) we can see a weak increase of the temperature pedestal height with
the separatrix temperature. The change is also very close to the actual change in
Tsep. This seem to be confirmed in figure 22(b) where there is essentially no change
in α indicating that there is no change in the pedestal stability. These effects seem to
indicate that Tsep has a very weak effect on the pedestal stability and mainly affects
the pedestal by elevating the temperature profile by a fixed amount. Taking a look
on the pedestal profiles of the pressure, temperature and density in figure 23 seem to
confirm this conlcusion. The change in Tsep has almost no discernible effect on the
density profile in panel (c), while essentially only affecting the temperature profile
in panel (b) by elevating it by a fixed amount. Panel (b) and (c) combine to explain
the change of the pressure profile in panel (a), increasing the pressure more with
Tsep closer to the core as the density is higher there. As the change in the pedestal
temperature is small it should only have a small effect on the collisionality, reducing
it and thereby moving along the stability boundary towards lower n increasing α
slightly. This effect is either too small to have a discernible effect or the impact
on the pressure gradient from the changed profiles counteracts this effect for the
current case.

At the pedestal top the collisionality is generally sufficiently high to justify the ap-
proximation Ti = Te. Therefore no scan of the parameter Ti/Te has been performed
for the pedestal top in this work. At the separatrix however, experimental results in
for instance [45] show that Ti can be larger than Te. Therefore a scan of Ti,sep/Te,sep
has been performed to see the resulting impact on the pedestal top. The scan was
performed by varying Ti,sep/Te,sep between 1 and 3 while holding Te,sep constant at
100eV. The scan showed almost no dependence of the pedestal prediction on the
separatrix ion temperature for the current case. The increase of the pedestal tem-
perature was less than 2% over the entire scan.
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Figure 24: Results of an Europed pedestal density shift scan using the reference case while varying
xpedne

−xpedTe
between -0.01ψN and 0.05ψN . Panel (a) displays the predicted electron temperature at

the pedestal top and panel (b) displays the maximum normalized pressure gradient in the pedestal.
The encircled points correspond to the profiles in figure 25.

4.4.2 Pedestal density position

So far, the work has assumed that the position of the pedestal density is the same
as the position of the pedestal temperature. However, several experimental results
obtained in JET [38], AUG [37] and TCV [39] shows that often the density is located
a bit more outwards than the temperature. The relative shift between Te and ne has
been measured to be up to 0.04ψN with high gas fuelling rate and high input power.
Furthermore the density pedestal shift has been seen to have a significant impact
on the pedestal stability. The reason for the shift is still not fully understood, both
modeling and experimental efforts are currently investigating the topic. A scan in
the parameter has therefore been performed to get an understanding of how large of
an impact a shift of the density can have on the pedestal of DTT. The scan has been
performed by running Europed repeatedly using the reference case while altering the
pedestal shift xpedne

−xpedTe between −0.01ψN and 0.05ψN . At JET negative shifts have
not been observed at all to our knowledge while the largest positive shifts presented
in [36] and [38] are on the order of 0.04ψN . In [36] the largest negative relative shifts
presented from TCV where about −0.01ψN .

In figure 24(a) we can see a strong dependence of the pedestal temperature on the
relative shift at least close to xpedne

−xpedTe = 0. The origin of this trend is complicated
and several effects are working together. This becomes obvious by studying the
normalized pressure gradient in figure 24(b) where α appears to change in a short
span around xpedne

− xpedTe = 0 before saturating for larger positive shifts. The change
in α could be explained by the outward shift of the current density with increasing
density shift which has been shown to have a negative effect on the pedestal stability
both experimentally and theoretically [36, 38, 46]. The location of the edge current
density peak is largely dependent on the location of the highest pressure gradient as
the current in the pedestal is dominated by the bootstrap current. Looking at the
expression for the pressure pe ≈ 1.6Tene and taking the derivative in ψN we get:
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Figure 25: The HELENA profiles of the cases encircled in figure 24. All cases used the reference
case with varying xpedne

−xpedTe
where the red profile has xpedne

−xpedTe
= −0.01, the blue xpedne

−xpedTe
= 0

and the purple xpedne
− xpedTe

= 0.01. What is displayed is the total pressure profile (a), the electron
temperature profile (b) and the electron density profile (c), all between ψN =0.95 and 1.

∂pe
∂ψN

≈ 1.6(
∂Te
∂ψN

ne +
∂ne
∂ψN

Te) (11)

The reason for the saturation for large positive density shifts becomes quite apparent
then. For large density shifts the impact of the (∂Te/∂ψN)ne term increases as the
value of ne becomes greater at all points outside of the pedestal top. At the same
time the value of ∂ne/∂ψN is reduced for the points closer to the core where Te is
greater reducing the impact of the (∂ne/∂ψN)Te term. This results in a case where
the (∂Te/∂ψN)ne term eventually dominates. As the density pedestal top is shifted
outwards it will eventually reach a point where (∂ne/∂ψN)Te is significantly larger
than (∂Te/∂ψN)ne after which the pressure gradient can be approximated by:

∂pe
∂ψN

≈ 1.6(
∂Te
∂ψN

ne,ped) (12)

With less and less dependence on further density shift as ne ≈ ne,ped for the points
inside the density pedestal top thereby causing the saturation for the outward shift.
Once the density pedestal top has been shifted outside the separatrix there should
no longer be any dependence at all on further density pedestal shift. For the inward
density pedestal shift the increase in pedestal stability could be explained by the
inwards shift of the current density which has a stabilizing effect. The increased
pedestal stability then leads to an increase in α and consecuently in an increase in
the pedestal temperature. The increased temperature in turn should decrease the
collisionality which moves the operational point towards lower n increasing α further
and thereby amplifying the effect of the current density shift.

The qualitative explanation for the observed behaviour can also be seen by studying
figure 25. In panel (c) the pedestal density shift is visible where the density profiles
have essentially the same shape aside from the radial displacement. In panel (b)
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Figure 26: Results of an Europed separatrix density scan using the reference case while varying
ne,sep/ne,ped between 0.1 and 0.7. (a) displays the predicted electron temperature at the pedestal
top and (b) displays the maximum normalized pressure gradient in the pedestal. The encircled
points correspond to the profiles in figure 27.

0.96 0.98 1.00
N

0.00

0.25

0.50

0.75

1.00

p
[P

a]

1e5

(a)
0.96 0.98 1.00

N

0.0

0.5

1.0

1.5

2.0

2.5

T e
[k

eV
]

(b)
0.96 0.98 1.00

N

0

5

10

15

n e
[1

019
m

3 ]
(c)

Figure 27: The HELENA profiles of the cases encircled in figure 26. All cases used the ref-
erence case with varying ne,sep/ne,ped, where the red profile has ne,sep/ne,ped = 0.1, the blue
ne,sep/ne,ped = 0.4 and the purple ne,sep/ne,ped = 0.7. What is displayed is the total pressure
profile (a), the electron temperature profile (b) and the electron density profile (c), all between
ψN =0.95 and 1.

it is visible that the location of the maximum temperature gradient changes to a
small degree. The total effect of these two effects is an inward shift of the maximum
pressure gradient with decreasing relative shift which can be seen in (a). This moves
the current density peak inwards and increases the pedestal stability which allows a
higher pressure gradient in the pedestal. The increased pressure gradient results in
an increase of the pressure and temperature pedestal height.

4.4.3 Separatrix electron density

Just like how the separatrix temperature sets a boundary condition for the tem-
perature, the separatrix density sets the boundary condition for the density. An
increased separatrix density therefore results in an increase of the density in the
entire pedestal. The difference to the separatrix temperature case though is that
the pedestal density is also specified meaning that an increased separatrix density
leads to a decrease in the density gradient (at fixed ∆ and ne,ped).
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In Europed the separatrix density is specified as a fraction of the pedestal density. To
get a wide understanding for the behaviour of the separatrix density on the pedestal
the scan has been performed using the reference case while changing ne,sep/ne,ped
between 0.1 and 0.7.

In figure 26(a) we can see a clear decrease in pedestal tempereature with increasing
separatrix density, 17.8% for a change in ne,sep/ne,ped from 0.1 to 0.7 at fixed ne,ped.
The reason for this appears to be a decrease in pedestal stability which is indicated
by the change in α in figure 26(b) where a 22.1% decrease is visible for a change
in ne,sepne,ped from 0.1 to 0.7. The cause of the change in pedestal stability is not
obvious from a look at the data in these two figures. If we study the effect of a
change in ne,sep on the density profile in figure 27(c) we can see that an increase in
ne,sep leads to an increase in the density of the entire pedestal profile, aside from the
pedestal top. An increased density leads to an increased collisionality in the pedestal.
This increase of the collisionality leads to a moving of the operational point along
the stability boundary towards higher n thereby reducing α. The reduction in α
leads to a reduced pedestal pressure and therefore also a proportional change in the
pedestal temperature as ne,ped is fixed. This reduction in the pedestal temperature
results in a further increase of the collisionality amplifying the effect.

4.4.4 Pedestal electron density

The pedestal density is crucial for pedestal performance as it together with the
pedestal temperature determines the pedestal pressure. Additionally it has a large
effect on the density in the entire pedestal which through its interaction with the
temperature and pressure can alter all three profiles greatly. To study this effect a
scan has been performed in the parameter by using the reference case and changing
ne,ped between 3 × 1019m−3 and 35 × 1019m−3. Looking at the pressure gradient
expression in equation 11 we can quickly realize that an increased pedestal density
would result in an increase in both ne and ∂ne/∂ψN as ne,sep/ne,ped is fixed. By
then assuming that there is no change in pedestal stability, Te,ped would need to
decrease to keep ∂pe/∂ψN constant. This would result in a decreased temperature
in the entire pedestal along with the increased density which consequently results
in an increase in the collisionality moving the operational point along the stability
boundary towards higher n reducing α. The reduction in α would then lead to a
further reduction in pedestal temperature amplifying the effect. According to this
reasoning we would expect that for sufficiently low ne,ped the collisionality should
become low enough to move the operation point into the peeling boundary which
should be observable through a decrease in α with decreasing ne,ped with sufficiently
low ne,ped. This is however not seen in the results in figure 28(b) instead α simply
saturates with decreasing ne,ped. One reason for this could be that even lower values
of ne,ped are needed, another reason could be that a physical effect that is not obvious
from this data is responsible.

For the pedestal temperature in figure 28(a) the behaviour is largely as expected.
The curves are lines of constant electron pressure where the pedestal temperature
appear to follow the curves when α in figure 28(b) is relatively constant. The
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Figure 28: Results of an Europed pedestal density scan using the reference case while varying
ne,ped between 3× 1019m−3 and 35× 1019m−3. (a) displays the predicted electron temperature at
the pedestal top along with curves of constant electron pressure, where red=61kPa, yellow=48kPa,
green=35kPa and blue=22kPa (b) displays the maximum normalized pressure gradient in the
pedestal and (c) displays the predicted pedestal width. The encircled points correspond to the
profiles in figure 29.
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Figure 29: The HELENA profiles of the cases encircled in figure 26. All cases used the reference
case with varying ne,ped, where the red profile has ne,ped = 5 × 1019m−3, the blue ne,ped =
14×1019m−3 and the purple ne,ped = 23×1019m−3. What is displayed is the total pressure profile
(a), the electron temperature profile (b) and the electron density profile (c), all between ψN =0.95
and 1.

reduction in α seen between 10 × 1019m−3 and 20 × 1019m−3 is accompanied by a
transition from pe ≈ 48kPa to pe ≈ 35kPa as the reduction in pressure gradient also
leads to a reduction in pressure. The reason for the saturation of α at high densities
can also be explained by the fact that the change in the temperature and density
diminishes for higher pedestal densities but the reason for the saturation for low
densities is still unclear. It can simply be a case that the coupled peeling ballooning
region has been reached and that the boundary has a pretty constant α in this
region. At this stage this is only speculation and a further study in the actual shape
of the stability boundary would have to be made to confirm it. This is something
that is not possible in the current work. The 2D stability analysis code ESSIVE
that has been available in this work uses a different q0 iteration than Europed. The
different q0 iterations lead to ESSIVE and Europed calculating different equilibria
and therefore results from the two are not comparable.
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Figure 30: Results of an Europed KBM criterion coefficient scan using the reference case while
varying c1 between 0.05 and 1.5. (a) displays the predicted electron temperature at the pedestal
top (b) displays the maximum normalized pressure gradient in the pedestal and (c) displays the
total pressure profile. The encircled points correspond to the profiles in (c) where the red profile
has c1 = 0.05, the blue c1 = 0.1 and the purple c1 = 0.15.

What observations we can make is that the change in pedestal width in figure 28(c)
seems correlated to the change in α as in the other cases the temperature corrects
for the changes in the density to maintain the same pressure pedestal. All of the
reasoning put forth here can be confirmed by looking at the profiles in figure 29.
The change in pedestal density leads to an increase in both ne and ∂ne/∂ψN in the
entire pedestal which can be seen in figure 29(c). This leads to an opposite change
in the temperature profile (b) reducing Te and ∂Te/∂ψN in the entire pedestal. The
resulting decrease in the pressure profile (a) can then be correlated to the change
in α, the cause of which has not been confirmed but is suspected to be due to the
change in collisionality that the temperature and density changes causes.

4.5 Dependence on model assumptions

The KBM criterion has two parameters that have been shown to vary between
devices, the c1 coefficient and the exponent. Both of these parameters can have a
large effect on the predicted pedestal and this effect is discussed in this section.

4.5.1 KBM criterion coefficient

Increasing the value of c1 in the KBM criterion leads to a wider pedestal for a given
pedestal temperature. Therefore the pressure gradient decreases for a given pedestal
width with increasing c1. This pedestal widening can have a large impact on the
pedestal behaviour and result in a large pedestal height increase for a given pressure
gradient. As the value of c1 that will be observed in DTT is still unknown, a wide
scan has been performed to cover any c1 that could be expected to be relevant for
DTT. This has been done by using the reference case and then changing the value
of c1 in the KBM criterion between 0.05 and 0.15. This is consistent with the range
of c1 observed at TCV [39] and JET [23].

The reduction of the pressure gradient for a given pedestal height or width is the
main cause of the large increase in Te,ped with c1 seen in figure 30(a). However the
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instabilities are not just determined by the toroidal modes that are used as inputs
they are also defined by their radial width. Perturbation modes with widths larger
than the pedestal width essentially cannot "fit" in the pedestal region. The widening
of the pedestal allows for more perturbations which has a negative impact on the
pedestal stability, as indirectly suggested in figure 30(b) by the reduction of α. The
increase in c1 has two effects. From one side, the increase in c1 leads to a reduction of
the pedestal stability and hence a reduction in the pressure gradient. On the other
side, the increase of c1 leads to a widening of the pedestal width. The widening
of the width is stronger than the reduction of the gradient so the final effect is an
increase in the pedestal height, as clearly shown in figure 30(c). A change from
c1 =0.05 to 0.15 is accompanied by a change of almost a factor six in the pressure
and temperature pedestal heights.

4.5.2 KBM criterion exponent

As the only clearly observed deviation from the exponent in the KBM criterion being
0.5 is in NSTX, which is a spherical tokamak, no actual study of the effect of the
parameter has been performed in this work. One could hypothesise that it would
have very large impact on the pedestal predictions as this is what is seen from a
change in the c1 coefficient in section 4.5.1. There would be an expected increase of
the pedestal height and width with increasing exponent, however the actual trends
that would be observed would likely be different from the scan in c1.

4.6 Weak increase with poloidal beta

As the weak increase in the pedestal height with βp, seen in figure 19, was not ex-
pected a further investigation has been performed. When running Europed the value
of the safety factor q is determined by the equilibrium calculated with HELENA.
Initially the equilibrium was determined with no specifications on q. This resulted
in a very low value of q0 which was not considered to be a likely physical scenario.
Therefore an additional feature that had been implemented in Europed was used
that iterates the equilibrium until a specific q0 is reached. For the reference case
this was q0 = 1. To see if this iteration could be responsible for the weak increase
with βp an additional scan was run where no iteration to reach a specific q0 was
performed. The results of which can be seen in figure 31.

From figure 31 a much larger dependence on βp can be seen compared to the re-
strained q0 case presented in figure 19. This is true for the pedestal height in figure
31(a), the normalized pressure gradient in panel (b) and the total pressure at the
pedestal in panel (c). Additionally the change seen in figure 31(a) is more on the
level expected, with an increase in the temperature pedestal height of 80.3% for a
change in βp from 0.2 to 0.6. The initial βp scan in figure 19 only showed a 7.8%
increase in temperature pedestal height for the same change in βp. Comparing the
total pressure profiles in figure 19(c) and 31(c) we can see that even though the
pressure at the core are almost the same there is a clear impact on the pedestal
region for the unrestrained case which is not seen for the restrained one. The differ-
ence between the two scans is the extra safety factor iteration and therefore a look
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Figure 31: Figure of βp scan for the reference case with unrestrained q0. (a) is the predicted
pedestal height for each βp and (b) is the electron temperature profile from HELENA for each data
point in (a).
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Figure 32: The q profiles from HELENA of the reference case for a βp scan with (a) restrained
q0 = 1 and (b) unrestrained q0.

on how the q profiles differ between the two cases might shed a light on the cause
behind this behaviour. To this end the q profiles were extracted from HELENA and
plotted in figure 32.

From figure 32(b) we can see a clear increase in q0 with decreasing βp for the unre-
strained q0 scan while there is essentially no change in the q profile for the q0 = 1
case in panel (a). This leads to the suspicion that the change in q0 might be the main
cause of the increased dependence of the pedestal on βp for the unrestrained case.
To isolate the q0 dependence a scan using restrained q0 and constant βp = 0.43 using
the same q0 values that the unrestrained cases resulted in was performed. This scan
can be seen in figure 33(a) where it is evident that q0 has a strong impact on the
pedestal height. Reducing q0 from 0.74 (corresponding to the unrestrained βp = 0.2
case) to 0.54 (corresponding to the unrestrained βp = 0.6 case) results in an increase
of the pedestal height of 47.3%. There is however only a small change in α in figure
33(b). To understand the cause of this dependence, a thorough examination of the
effects of the q0 iteration and the pressure profiles would need to be performed. This
is outside the scope of this work and it will be kept for future studies.
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Figure 33: The results of a restrained q0 scan with the choice of q0 being the same as the values the
unrestrained case resulted in. In (a) the pedestal height is presented and in (b) the corresponding
predicted electron temperature profiles.

The change in q0 seem to be an effect that might explain the difference in dependence
of βp between the restrained and unrestrained q0 scans. When compensating the
restrained case with the 47.3% increase seen in the q0 scan the total increase is still
only 58.8% and not the 80.3% observed from the unrestrained case. Therefore the
change in q0 does not seem to explain the entire difference between the restrained
and unrestrained q0 cases. To see how large an effect the q0 iteration itself can have
and not just the value of q0, two cases with the same q0 and βp where examined where
one used unrestrained q0 and the other one restrained. The two cases resulted in
significantly different predictions for the pedestal height with Te,ped = 4.35keV for
the restrained case and Te,ped = 3.04keV for the unrestrained one. To understand
the cause of this discrepancy the safety factor and current density profiles of the two
cases were plotted which can be seen in figure 34. In figure 34(a) it is evident that
even though the two cases have the same q0 there is significant difference in the rest
of the q profile. The effect of this can be seen in 34(b) and (c) where there is an
obvious outward shift of the current density that could explain some of the difference
in the pedestal height predictions. The outward shift of the current density should
destabilize the pedestal. The destabilization of the pedestal is indicated by the
different α of the two cases, αmax = 5.20 for the unrestrained case and αmax = 5.73
for the restrained one. A change in αmax is however also expected from the change
in temperature which affects the collisionality. As such a much more detailed study
is required to analyze exactly what is happening in this case. The results in figure 34
shows that the change in q0 is not a sufficient explanation for the different pedestal
predictions of the restrained and unrestrained q0 cases. Instead additional core
profile parameters need to be taken into consideration such as the inductive current
parameters. Despite this, the change in q0 seem to be able to describe some of the
difference between the restrained and unrestrained βp scans.

The examination of the cause of the weak increase with βp performed here, led
to the suspicion that the q0 iteration might also be responsible for the sensitivity
of nMU to changes in the plasma current and toroidal magnetic field. No large
scale investigation has been performed, instead one case with low current with the
field scaled to keep the ratio Bt/Ip constant was performed both restrained and
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Figure 34: A comparison of two cases with the same q0 and βp with the difference being one is
run q0 restrained (red) and one being run unrestrained (blue). The figures show (a) the q profile of
the two cases (b) the current profile and (c) a magnified view of the current profiles in the pedestal
region.

unrestrained. The same was done for a case where the field was held constant, at
the same value as the reference case, while using a higher current. All these runs
used the parameters of the reference case aside from the specified current and field.
If nMU was found to equal the highest included mode during the runs more modes
was added until the size of the included modes became unreasonable at which point
no more modes were added. The results are presented in table 5 and from them it
is evident that the q0 iteration is also the cause of the increased number of modes
that need to be included. How the q0 iteration increases nMU for the cases studied
in table 5 is presently unclear. To get a better understanding of the effects of the q0

iteration a further examination is needed which is not covered in the present work.

Parameters unrestrained q0 nMU restrained q0 = 1 nMU

Ip = 5.5MA, Bt = 5.97T 20 45
Ip = 6.5MA, Bt = 5.97T 30 >180
Ip = 5.5MA, Bt = 5.97T 25 >110

Table 5: The table shows nMU for unrestrained q0 and restrained q0 = 1 Europed simulations for
the current and field specified and otherwise using the parameters from the reference case
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5 Conclusions and Discussion

The key point of this work has been to predict the pedestal height and width in DTT
and study the effect that several essential parameters can have on this prediction.
Several of the parameters that were studied such as βp, Zeff , separatrix temperature
and separatrix density showed quite weak impacts on the pedestal prediction within
the investigated range. For Zeff , Tsep and ne,sep there were reasonable explanations
for the trends observed. The parameters that appeared to have the most significant
impact on the pedestal prediction was Ip and Bt as well as the relative pedestal
density shift, the pedestal electron density and the c1 coefficient. For the pedestal
electron density the largest change was mainly in the pedestal temperature, while
the pedestal pressure was less impacted in the span studied. However the change in
pedestal pressure mainly occurred in a smaller region between ne,ped = 10×1019m−3

and 20×1019m−3 where the reference case is also located. As such, even though the
impact on the pressure is not on the scale of the impact on the temperature it is still
an important parameter to take into consideration. For the relative shift between
the pedestal density and temperature position, the changes in pedestal temperature
and pressure are drastic between xpedne

− xpedTe = −0.01 and 0.01ψN . The effect on
the pedestal of the relative pedestal density and temperature position is an effect
that only recently has been investigated. In the context of this work increasing
xpedne

− xpedTe > 0 leads to an increase of the relative shift which has been shown to
be destabilizing for the pedestal in JET [38]. As the temperature at the separatrix
is fixed, increasing xpedne

− xpedTe also leads to an outward shift of the pedestal density
which has also been shown to be destabilizing for the pedestal. Experimental results
from several devices have shown relative pedestal density and temperature positions
on the scales of the scan performed in this work [36]. These results are therefore
of significant importance due to the large effect on the pedestal height even small
changes in the relative shift has. If this effect is mainly tied to the absolute change
in density position or due to the change in relative position to the temperature
pedestal is hard to say from the results here however.

For the KBM criterion it is hard to assess in what span it is likely that the c1

coefficient will be located for DTT as for instance JET and TCV both have seen
a wide variety of values. The closest guess that can be made in this work is based
on the c1 scaling with collisionality observed in [23] for JET. The electron-electron
collisionality of the reference case is 0.137 which needs to be multiplied by Zeff as
the electron ion collisionality is used in the scaling, resulting in ν∗ei = 0.233. This
gives a c1 of around 0.1 for the reference case. This is a very rough estimation which
is based on data from a different device, even so it would result in a 66.7% increase
of the predicted pedestal temperature and pressure compared to using c1 = 0.076.
Given the strong dependence of the pedestal predictions on this parameter, future
works will need to develop more detailed empirical relations and/or models to predict
c1. For the Ip − Bt scan only a very narrow span could be studied as low-current
Europed runs at constant q95, using the assumption that q95 scales as Bt/Ip, were
not possible as larger and larger modes needed to be included. Despite that both
parameters clearly have a significant effect even for the narrow range studied. From
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one side, changes in Bt/Ip was shown to strongly affect the pedestal stability while
at constant Bt/Ip there was still a significant change in pedestal pressure due to the
scaling of the flux with Ip. What is most troubling from these results is the inability
to perform Europed predictions for cases with low current and field, which are scaled
to keep a constant Ip/Bt, and for cases with high current at constant toroidal field.

An unexpected result in this work was discovered during the study of the pedestal
dependence on βp. The weak increase with βp and the subsequent study of the
effect of the q0 iteration raises an important question. That is concerning what the
q and current profile should look like in a device we have no data from. Putting no
restraints on the value of q0 resulted in a more appropriate increase of the pedestal
height with βp which shows how sensitive the pedestal is to changes in the q profile
within the framework of the EPED model. However, the unrestrained scan also
resulted in unreasonable values of q0 making it nonphysical from the experimental
evidence available. The q0 iteration was likewise found to be responsible for the
inability to perform Europed predictions for cases with low current and low field
and cases with higher current at constant field. No way of predicting q0 and the
inductive current parameters have been available in this work which results in large
uncertainties concerning this area.
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6 Outlook

This work has given an initial assessment of the DTT pedestal and of its dependence
on several key parameters, however more work can still be done to get a better
understanding of pedestal physics and the DTT pedestal in particular.

When looking at pedestal physics in general it is still a developing field and the
current models (PB-model,EPED etc.) have been shown, in their current form,
to not be applicable to all scenarios. This is particularly true for cases with high
fueling rates and high power [36], both of which are essential for the development
of a commercial fusion reactor. As such, better understanding of these limiting
factors and either developing the models to explain the current discrepancies or
finding new models is essential for our ability to predict the behaviour of future
fusion devices. Specifically, in this work the dependence of the pedestal on the core
safety factor has been acknowledged, something that to our knowledge has not been
extensively studied either theoretically or experimentally. The effect the q0 iteration
seem to have on the pedestal predictions and parameter scans performed in this
work is intriguing. Studying the experimental effect of q0 on the pedestal would
be a logical next step from this work to see if the effects observed are physical in
nature. This would also include study of the dependence of q0 on other plasma
parameters. Additionally, a deeper theoretical study of the equilibrium and its
calculation, including the q0 iteration, might shed light on how the safety factor at
the core can have such a large impact on the pedestal region and on its dependence
on other parameters. Such an investigation would be a substantial endeavour and
is not something that has been covered in the present work.

Aside from the core safety factor, two additional areas in this work could benefit
from further investigation. The first is the effect on the reference case pedestal
of changing the shape parameters of the plasma. The current work has used a
separatrix that was determined by the engineers in charge of the DTT project.
Changing the triangularity and other shape parameters of this parametrization while
not affecting other aspects of its shape is no trivial task. Europed has a built in
routine for creating a parametrization of the last closed flux surface for given shape
parameters. This parametrization however is up-down symetric with no x-point and
does therefore not match the separatrix predicted for DTT. Due to this fact no scan
of the shape parameters has been performed in this work as any results would be
inapplicable to DTT. A future scan of the triangularity in DTT would be interesting
for several reasons. The first is that triangularity is known to have a large impact
on the stability behaviour in general. Another reason why studying the effect of the
triangularity is of interest is to see if access to a second stability region is theoretically
possible. According to the PB model there is the possibility of access to a second
stability region. From ideal ballooning theory sufficiently large pressure gradients
are also stable just like sufficiently low ones but access to this second stability region
is generally barred by coupling to unstable peeling modes. In the framework of the
PB model, access to the second stability region would allow for arbitrarily large
pressure gradients in the pedestal and other physical effects would be needed to
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limit the pedestal instead. In [47] the effect of triangularity in JET plasmas was
studied. The simulations performed showed that increasing triangularity opened
up access to the second stability region which allowed for higher α in the pedestal.
A similar study of the current reference case might therefore show if the same is
theoretically possible in DTT.

The second area where this work could benefit from expanding is the study of the
changes in the stability boundary for the various parameter scans. This would
allow for confirmation of some of the theories put forward to explain the behaviour
of the pedestal for the cases studied in this work. The reason this has not been
covered in the present work is due to the q0 iteration used. The program that
was available for calculating stability boundaries in j − α space during this work,
ESSIVE, has a different q0 iteration routine compared to Europed. This results
in a different equilibrium predicted by ESSIVE and Europed and therefore also
in different stability regions which means the results of the two programs are not
comparable. A study of the stability boundaries in this work would therefore include
modifying ESSIVE to use the same q0 iteration as Europed and is the reason such
an analysis has not been performed in the present work.

In the framework of the DTT project this work will be useful to determine the
boundary conditions for the core modeling. This in turn might change some of the
parameters used in the current predictions which highlights the iterative nature of
this kind of work. This is also one of the reasons for the wide parameter scans
that have been performed in this work. The hope is that most scenarios that are of
interest should be covered by the data presented here.
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