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ABSTRACT

MAST pedestal data has been analysed, where a pedestal database of 892 shots was
obtained, using the new upgraded MAST Thomson Scattering (TS) diagnostic. Various ELM
types are discussed, where characteristics and trends of MAST pedestals are shown. The data
from the upgraded TS diagnostic confirms pedestal characteristics found in earlier analysis,
using previous TS systems. Using the database, calculations of the bootstrap current are
obtained using the different analytical formulae (Sauter and Redl), and comparisons are
performed. At high collisionality discrepancies between the analytical calculations are found
for MAST. The new MAST TS system now spans the full plasma mid-plane, such that direct
comparisons between inboard and outboard pedestals can be obtained. When the inboard
and outboard pedestals are compared, asymmetries in the density pedestal width are found.
In order to increase confidence in spherical tokamak pedestal predictions, the assumptions of
Europed have been validated for MAST pedestal data. Using the experimental database for
type I ELMs in single and double null configurations, a value for the KBM constraint (C') has
been obtained. Here, it was found C' ~ 0.145. Using this value, the first spherical tokamak
pedestal predictions were performed in Europed and compared to MAST experimental data.
The temperature pedestal height was predicted to within 10% error of the experimental value.
In addition type II ELMs on MAST are analysed, and stability analysis and parameter scans
have been performed using ESSIVE. Similar MHD stability properties are observed for type
I and type II ELMs, originating from the mixed ELM regimes, and it is therefore difficult to
distinguish these ELMs using the ideal MHD codes.



1 Introduction

Currently, the favoured operating regime for a tokamak is the high confinement mode (H-
mode) [1], where increased core plasma pressure is encouraging but edge localised mode
(ELM) instabilities occur, and are an issue. Filaments are ejected from the plasma when
an ELM occurs [2] transporting energy and particles to the divertor region, resulting in a
loss in the pedestal energy confinement [3]. Large and uncontrolled type I ELMs on future
tokamaks, such as ITER, will generate high enough heat fluxes to damage machine facing
components [1]. Tt is therefore important, for future devices, to understand the conditions
under which type I ELM instabilities occur and to make reliable pedestal predictions in order
to completely avoid large ELMs, especially if ELM mitigation or suppression is not possible.
Exploration and development of ELM free operational regimes or regimes with small ELMs
is also underway [5].

The Mega Ampere Spherical Tokamak (MAST), a low aspect ratio tokamak based at
Culham in the UK, operated from 2000-2013 and has recently undergone an upgrade to
MAST-U [6]. Pedestal data from the final 3 physics campaigns on MAST, obtained using
the new upgraded Thomson Scattering (TS) diagnostic [7], is analysed here in anticipation
of the initial MAST-U experiments. The data analysed from this former tokamak can inform
spherical tokamak pedestal research, contribute to the understanding of MAST-U pedestal
experiments, and to the knowledge of pedestal characteristics for future spherical tokamaks,
such as STEP [4].

Previous MAST pedestal data has been analysed in [9-11], where a wide range of ELM
regimes has been observed. The most common is the type I ELM regime, with type III
ELMs also occurring in many discharges, and a branch of the type III ELMs, also referred
to as type IV ELMs were found, appearing in low collisionality plasmas [12]. The MAST
pedestal database is obtained, as described in section 2. In section 3 analysis of the pedestal
database is performed and includes an overview of the database for the different ELM types
in section 3.1. The data from the upgraded TS diagnostic confirms pedestal characteristics
found in earlier analysis, using previous TS systems. The upgraded TS system views the
entire plasma mid-plane from the high-field-side (HFS) to the low-field-side (LFS). In section
3.2 a direct comparison has been performed between the HFS and LFS data in the lower
single null (SN) and connected double null (DN) configurations.

Analytical formulae used to calculate the bootstrap current from Sauter [13] and Redl
[11], have been used here for the MAST pedestal database. A comparison of the calculations
of the peak edge current density (jpeqr) is given in section 3.3. Calculations of jyeqr using
both formulae have also been performed in the HELENA code [15] and compared to the

experimental data.



Accurate pedestal predictions are important in order to obtain a boundary condition
for core transport simulations, that can predict the performance of the plasma. Europed
[16] can be used for predictions of peeling-ballooning (P-B) limited pedestals. It is based
on the EPED1 model [17], where the pedestal height and width can be predicted. EPED
predictions have been obtained on various conventional tokamaks [1%], and more recently
predictions for MAST pedestals have been performed [19]. However, it is still important to
analyse the MAST data to verify whether the Europed/EPED model assumptions are valid
for MAST and spherical tokamaks in general. This is investigated in section 4, where it has
been possible to determine Europed input parameters from the experimental database and
use these for first spherical tokamak pedestal predictions using Europed.

The type I ELM analysis is useful for avoiding such large ELM regimes by finding P-B
pedestal limits, but research is also performed on other operating regimes, which could be
used in future spherical tokamaks, such as STEP. The type II ELM regime is a potential
operating regime where the ELM instabilities are smaller than the type I ELMs. Type
IT ELMs are observed in specific circumstances in MAST plasmas [20]. These small ELM
regimes release a few percent of the pedestal energy and have been observed in highly shaped,
high pedestal density plasmas in various tokamaks including JET [21], ASDEX-Upgrade
(22, 23] and NSTX [24]. In section 5 MAST type II pedestal characteristics are discussed,
using data from the TS diagnostic and fast camera images. Ideal MHD stability analysis is
also performed for the type II ELMs using ESSIVE, and a comparison is made to the type

I ELMs. Finally a summary and conclusions are given in section 6.

2 Obtaining the MAST pedestal database

From 2007 to 2013 the final 3 campaigns took place at MAST, this paper aims to investigate
the pedestal characteristics from these MAST campaigns, in preparation for the new physics
campaigns on MAST-U and to support the development of STEP. The database includes
over 800 shots, where an ELMy H-mode has been obtained, in either a lower single null (SN)
or double null (DN) configuration. Typical MAST SN and DN configurations are shown in
[11]. In the DN configuration the two x-points are roughly on the same flux surface. From
the database, the gap between these surfaces at the outboard mid-plane (drs.,) is no larger
than 6.5 mm.

The database contains a range of shots with various plasma parameters. From the
database, MAST plasmas typically have a major radius of R ~ 0.85 m and a minor ra-
dius, a ~ 0.55 m. The toroidal magnetic field on axis (Br) ranges from 0.3-0.5 T, the
plasma current (1,) ~0.4-1.0 MA, the Greenwald density ~0.3-0.95, the safety factor at 95%

of flux surface gg5 ~2-9 and the heating power from neutral beam injection (NBI) is ~1.0-3.8



MW. The plasma shaping parameters are over a range of values, elongation x ~1.4-2.1 and
the average triangularity (ie. (6 = (, + 9;)/2.0), 6 ~0.25-0.53.

The upgraded Thomson Scattering (TS) system [7] on MAST, was used to measure
the electron density (n.) and temperature (7;) profiles across MAST plasmas. The system
uses eight Nd:YAG lasers, each with a repetition rate of 30 Hz. This upgrade enhanced
the previous edge Nd:YAG [25] and Ruby TS [20] systems. The Nd:YAG laser is located
14.5 mm above the centre of the machine, with 130 points radially across giving a spatial
resolution of ~ 1lcm. In the SN configuration the laser beams are approximately 30 cm above
the height (z) of the magnetic axis of the plasma. In the DN configuration the laser beams
are approximately the at the height of the magnetic axis. For comparison between pedestal
widths in DN and SN discharges the SN profiles are mapped to the z location of the magnetic
axis. The TS system on MAST allows for measurements, at the mid-plane, radially across
the whole plasma, allowing for comparisons of the low-field-side and high-field-side pedestals
in both the SN and DN configurations.

Examples of typical time traces of MAST shots are shown in fig. 1. For a visual compar-
ison of the ELM phases, the time axes have been offset for each pulse to approximately the
start of the H-mode period, characterised by a drop in the D, signal. The plasma current,
neutral beam power, core electron temperature and line averaged density are given in figs.
la)-d) respectively, showing the steady state period. The D, trace for a SN discharge is
given in fig. le), where only type I ELMs are observed. Fig. 1f) shows the D, trace for a
DN discharge where type III ELMs are observed at the start of H-mode, after a transition
occurs to type I ELMs. In fig. 1g) another DN discharge is shown. From ~ 0.1 s periods of
small type II ELMs are observed, these are interspersed with type I ELMs. For the database,
MAST H-mode shots were first identified, and then using the D,, trace of a discharge, it was
possible to collect the data for the observed ELM-y regime.

When the data is collected the first ELM is neglected, as it is not representative of the
following ELMs. Prior to the first ELM a dramatic increase of the edge density, above the
central density, is observed [27]. Therefore, the collection of data starts after the first ELM
until the last ELM or for the duration of the steady state. For each TS point within this
period the profile data for n. and T, is included in the database. The data points that occur
0.2 ms before and after an ELM are removed from the database. To study certain pedestal
characteristics a cut can be introduced to only include the TS data from the final 25% of the
ELM cycle, just before the ELM. At this stage, and for the analysis in section 3, the data
is not ELM averaged, due to the low number of ELMs per shot. The data has been ELM
averaged at a later stage for the pedestal prediction studies (section 4). The TS pedestal
data is then fitted with a modified hyperbolic tangent (mtanh) function [28] to obtain the
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Figure 1: Time traces for three MAST shots, showing the plasma current, neutral beam power, the
core temperature, the averaged line density and the Dy, traces. The red line is a type I ELM regime
in the SN configuration, the black lines shows the traces for a DN configuration and the green a

type II interspersed with type I in a DN configuration.

pedestal parameters (i.e. the pedestal height X, ,.q, pedestal width AX,, pedestal position
Xe pos for the density, temperature and pressure). Examples of the T'S data and the typical
fits to the pedestal profiles are given for n. and T, in fig. 2.

For MAST plasmas, comparisons of T; profiles from CXRS and T, profiles from the TS
system were performed in [29, 30]. It was found that 7; = T, in the core, inside the pedestal
region. At the pedestal in high collisionality plasmas this is also a good approximation. In
low collisionality plasmas at the pedestal top T; ~ T, but the gradient of the ion temperature
is shallower than the electron temperature so T; > T, at the separatrix. Therefore in MAST
plasmas, the assumption that 7; = T, is valid for certain collisionalities and is in general
valid at the pedestal top. The total thermal (ion and electron) pressure at the top of the

pedestal (ppeq) is determined as ppeq = Deped + Dipea; We use T; = T, and the ion density is
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Figure 2: Ezamples of Thomson Scattering profiles for a) the temperature and b) the density.
Profiles for type I ELMs are ELM averaged using profiles in the final 25% of the cycle, the type IT
ELM is a single TS profile in the final 25% of the ELM cycle.

determined from n. and Z.s¢, with carbon as the main impurity.

The database contains a wide range of density and temperature pedestals, where the
pedestal heights are in the range ne g = 1.2-6.5x10'"Y m™2 and T, ,.q = 50-300 eV, where
the various ELM types occur. The pedestal values can be used to calculate the collisionality
(vZ), normalised pedestal pressure (peq), the normalised pressure gradient (o) and the ELM
energy loss (AW/Weq).

The SN discharges are dominated by type I ELMs, in comparison to the DN shots, where
a variety of ELM types occur. To distinguish the type I and type III ELMs, previous studies
on MAST [11] were used. When the ELM frequency is observed as a function of increasing
input power a minimum in the ELM frequency for pedestal temperatures of 150 eV was
previously found. An associated transition from type III ELMs to type I ELMs occurs at
this pedestal temperature. Another high frequency ELM regime, type IV ELMs, occurs on
MAST at higher temperatures and lower densities (n, < 2.5 x 10" m™3) than the type III
ELMs, also known as the low collisionality branch of the type III ELMs. The type IV ELMs

are obtained on MAST with beam powers over 3 MW and an optimised fuelling scenario



[11].

Using a combination of D, traces and high time resolution fast camera images, we are
able to distinguish type II ELMs by their more numerous and uniform filamentary structures
compared to other ELM types [20]. Only a limited set of type II ELM data was collected
and verified due to the lack of type II ELM shots in the final 3 campaigns on MAST, and

also the limited high time resolution fast camera images, used for verification.

3 Analysing the MAST pedestal database

From the final 3 MAST campaigns 892 shots with 19,480 TS time points have been col-
lected. By analysing this MAST ELM-y H-mode database, pedestal characteristics can be
determined. In this section an overview of the database is given, including different ELM
types and plasma configurations, comparisons between the inboard and outboard pedestals
are performed, and bootstrap current calculations investigated. The type II ELM data is

analysed separately in section 5.

3.1 Overview of pedestal data

From the database, the pedestal electron temperature (7 ,eq) and density (1. peq) for all the
profiles in the last 25% of the ELM cycle are given in fig. 3a). A wide range of pedestal
values are seen for the type I ELMs in SN and DN configurations. The type 111 ELMs occur
at lower T p.q over a range of ne peq, Whilst the type IV ELMs occur at lower n peq over a
range of T peq.

Pedestals that are unstable to type I ELMs are thought to be limited by peeling-
ballooning modes, which are driven by steep pressure gradients and large current density
in the edge [31]. Fig. 3b) shows the distribution of the MAST pedestal data from the final
25% of the ELM cycle, in j-av space. jpeqr is the peak parallel current density in the pedestal
region, calculated from the addition of the Ohmic current profile from the equilibrium and
the contribution from the bootstrap current profile. The bootstrap current has been calcu-
lated here from the Sauter formula [13], using the outboard density and temperature profiles.
QUmagz 18 the normalised pressure gradient calculated using the equation in [32]. Fig. 3b) shows
the type I ELMs in the DN configuration are located at higher jjeqr and ou,q, associated
with the peeling-ballooning boundary. In general, a higher plasma current was required for
the DN shots, therefore, higher temperature pedestals were obtained. The SN shots occur
over a range of T, ped, Qmaz a0d Jpear, as seen in fig. 3a)&b).

The high collisionality type III ELMs are thought to be due to resistive ballooning modes
[11, 33], in fig. 3b), they are located at a lower current density but can be found at higher
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Figure 3: a) Temperature pedestal height as a function of the density pedestal height. b) The peak

parallel current density as a function of maximum pressure gradient for the different ELM types.

pressure gradients, relative to the other ELMs. The type IV ELMs are located at slightly
increased jpeqr and lower pressure gradients in comparison to the type III ELMs. The results
are consistent with previous MAST experimental data analysis in [11, 31].

Fig. 4 shows various pedestal quantities as a function of the pedestal collisionality ().
Here v} = 6.92 x 107" R qo5 N pea InAc/ (T2 0 €3/2), where InA, = 31.3 — In(y/Teped/ Te ped)
and € is the inverse aspect ratio. The type I ELM profiles in the SN configuration cover a
large range of collisionalities. The pedestal collisionality does not exceed 2 for the type I
ELMs in DN. Type III ELMs are at higher collisionalities, rarely below v} ~ 0.7, unlike the
type IV ELMs that are at a lower collisionality and rarely exceed v} ~ 0.7. The type II
ELM characteristics are discussed in section 5.

The normalised pressure gradient is plotted as a function of the pedestal collisionality
in fig. 4a), in general a,,,, decreases with increasing v} for the type I and III ELMs. The
range of a4, for the type III ELMs appears to overlap with type I a;,., values. The type
IV ELMs are located at both low ., and v}. The normalised pedestal poloidal pressure
Bo pea is shown as a function of the collisionality in fig. 4b), where the pedestal poloidal beta
is calculated using Bp ped = 2p0pped/ B3, as in [35, 36]. Where the averaged poloidal magnetic
field at the pedestal top By = pol,/L, and L, is the circumference of the last closed flux
surface. A trend of decreasing fp peq With increasing v} is indicated. The type I ELM regimes
reach higher By peq < 0.5 values than the other ELM types. The type III ELMs reach a limit
of around Sy peq ~ 0.25 and the type IV ELMs a limit of £p peq ~ 0.15.

Throughout the ELM cycle, the pedestal energy is higher for type I ELM regimes in DN
compared to the SN configuration, where Wyeq sy ~ 0.6 X Wyeq py. This is mostly due to
the increased plasma volume of the DN, where the volume is ~ 30% larger in comparison
to the SN. The percentage of energy lost from the pedestal (AW/W,q) is calculated and
shown in fig. 4c), as a function of v}. AW/W,, is calculated as, AW/Wpeq = An/npeq +
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Figure 4: a) The pressure gradient, b) the normalised pedestal poloidal pressure and c) the pedestal

energy loss as a function of the collisionality for the different ELM regimes.

AT [Tpeq, the first term describes the convective ELM energy losses and the second term
the conductive losses. Higher pedestal energy losses are observed for all ELM types with
decreasing collisionality. Up to AW/Wyq ~ 30% measured for the type I and IV ELMs,
with type III ELMs at lower AW /W,.q up to ~ 12%. On average the type III ELMs have
lower AW/W .4 than the type I ELMs, but there is an overlap in the pedestal energy losses.

3.2 HFS and LFS pedestal comparison

Determining how the density pedestal structure is formed is important for future tokamaks
[37], by comparing the HFS and LFS pedestals the mechanism(s) (neutral fuelling versus
transport) could be determined. Future pedestal predictive models could be informed by
this, where the pedestal density could be eliminated as an input.

At MAST, it is possible to directly compare the HFS and LFS pedestal data from the TS
diagnostic. In the MAST database, the SN shots are all fuelled from the LFS, and the DN
shots are fuelled from the HFS, either at the mid-plane or at the upper and lower x-points.

From the database, T, ,.q and the pedestal electron temperature width (AT.), in t-space



are found to be the same on the HFS and LFS. ne,eq is also the same at the inboard and
outboard mid-plane. However, as seen previously on MAST [! 1] and shown in fig. 5a), the
density pedestal width (An,) varies on a flux surface, indicating density is not necessarily
a flux surface quantity. An, is in general narrower on the HFS than the LFS, for the DN
configuration and to a lesser extent in the SN. The type III and IV ELM regimes appear to
have an larger discrepancy in An., and AT, appears to be narrower on the HFS, although
more type III and type IV ELM data is needed to confirm this.

Comparing the HFS and LFS pedestals, in real space, it is observed that AT, is wider
on the HFS. An, is also wider on the HFS, especially for SN configurations as shown in
fig. 5b). It is suggested in [37] that density pedestal structure is strongly influenced by
neutral fuelling but transport effects should not be neglected. The MAST data shows a
better correlation for the DN in real space and poor correlation in y-space suggesting that
here neutral fuelling plays an important role in the pedestal structure. The neutrals do not
interact with the magnetic field, so if the pedestal width is determined by neutrals then
changes in length scales will depend on plasma parameters in real space and be independent
of magnetic geometry and flux surfaces. The opposite is found for the SN configuration,

where a stronger correlation is found in v-space between the HFS and LFS pedestal widths.
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Figure 5: The pedestal density width on the inboard side versus the pedestal density width on the

outboard side in a) 1p-space and b) in real space.

The edge current and pedestal pressure widths are also found to be are narrower on
the HFS in ¢-space. The narrower inboard pedestal may have an effect on the stability.
Currently, MHD codes calculate equilibria assuming flux surface quantities, which as shown
here is not always the case. Simulations performed, using JOREK [38-10], are underway to
investigate the impact of poloidal variation of density on the MHD stability. Initial studies
show the growth rate of the low toroidal mode numbers (peeling modes) were affected, but
the growth rate of the high-n (ballooning modes) were unaffected, due to their localisation
at the outboard edge, where the pedestal is unchanged. However, further work is required to

confirm if this is a physical effect [11], if confirmed a fully predictive pedestal model should

10



account for this, especially when considering equilibria that are unstable to low n modes.

3.3 Bootstrap current calculations and comparisons of analytical formulae

The bootstrap current (jps) usually dominates the current profile in the edge region. The
Sauter formula is widely used for calculating the bootstrap current contribution to the current
profile but has been found to over estimate the jgg at high collisionality [12]. Recently, a
new analytical formula for calculating the bootstrap current was found [14], here we refer to
this as the “Redl” formula for the bootstrap current. The Redl formula was derived from
the numerical code NEO |
calculated using the Redl and Sauter formulae for the MAST database, are shown in fig. 6,

, 11]. Here comparisons of the edge peak bootstrap current,

as a function of v}. The ratio jps red/]BSs. Sauter decreases with increasing v, where there is

good agreement around the medium to low range v.
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Figure 6: The ratio of the peak current density (jBs, redi/JBS,Sauter) @S @ function of collisionality
for the type I ELMs, where stars represent calculations from HELENA. b) Comparison of edge
bootstrap current profiles calculated using the Sauter and Redl formulae. A MAST pedestal with
lower collisionality v = 1.0 given in blue and a high collisionality pedestal with v} = 4.2 given in

red.

The Redl formula has also been implemented in HELENA [15] equilibrium calculations.
Several type I ELMy regime shots, in SN and DN configurations, at a range of v} have been
input to HELENA to compare the two models, as seen in fig. 6, given by the orange stars.
From the HELENA calculations, the cases with best and worst agreement of jpgpeqr for
MAST pedestals with lower v = 1.0 and at high v} = 4.2 respectively are chosen. The edge
bootstrap current profiles from these HELENA calculations are shown in fig. 6b). The two
calculations agree reasonably well for low collisionality but at high collisionality the Sauter
calculation is significantly increased in the pedestal, as the separatrix region is approached,

in comparison to the Redl calculation. A next step, to validate the Redl formula for MAST

11



would be to compare the Redl formula implemented in HELENA with NEO for a range of

*
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4 MAST ELM data for Europed inputs

In this section we aim to validate the assumptions of Europed using the MAST data. The
Europed code is based on the EPED1 model, and is currently being used and developed in
an attempt to make consistent pedestal predictions. This knowledge can be used to inform
spherical tokamak pedestal research, it will be important to accurately predict the pedestal
in these future machines, to determine the P-B pedestal limits and avoid large ELM regimes.
The experimental data in this section is from the last 25% of the ELM cycle. Only type I
ELMs are analysed, in both SN and DN, as currently there is no model within Europed that
can be used for predictions of pedestals for other ELM types.

Plasma parameters are given as inputs to Europed including global parameters By and
I, the plasma boundary or shaping parameters, ne peq, separatrix density (ne s,), the profile
shapes in the core for the density and temperature, as well as the total plasma § and the
effective charge Z.;s. Most of these parameters can be determined ahead of experiments,
but it is much more complex to predict 1 ped, Ne sep and Zq¢s. There is ongoing work, which
attempts to eliminate the density pedestal parameters as inputs [16, 11].

When a Europed prediction is performed, a range of pedestal widths are defined, for
each pedestal width the equilibrium is solved for in HELENA, before the code tests the
ideal MHD stability over a range of toroidal mode numbers (n=1,2,3,4,5,10,20,30,50,70).
Here, the ideal MHD code MISHKA [15, 10] is used for the stability calculations. Using the
stability results and stability criterion, v = ey = w*/2, where w* is the average diamagnetic
frequency defined as half of the maximum diamagnetic frequency in the pedestal region, the
code finds the pedestal stability limit, which corresponds to a predicted pedestal profile that
is marginally stable.

The model assumes 1) a scaling for the pedestal width, that has been observed on mul-
tiple devices. This scaling is heuristically justified on the basis of kinetic ballooning modes
(KBMs), providing a constraint on the maximum pedestal width. Where a relationship
between the normalised poloidal pedestal pressure (g peq) and the pressure pedestal width
(Ap,) is defined as Ap, = C\/Bppea- Where C' is the width constant and can be determined
from fits to experimental data. 2) The pedestal should be peeling-ballooning limited. The
P-B stability is evaluated, using a range of toroidal mode numbers, in Europed the sta-
bility calculation then provides a constraint on the maximum pedestal height. From these
assumptions, 1) and 2), a prediction can be made for the pedestal height and width. It is

also assumed in Europed that the temperature and density pedestal widths are equivalent
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(AT, = An,) and the ion and electron temperatures are assumed to be the same (7; = T,).
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Figure 7: a) The temperature pedestal width versus the density pedestal width in 1-space, the dashed
lines indicate fits to the binned data. b) The ratio of the separatriz density to the pedestal density

as a function of the pedestal density.

As previously mentioned, for MAST plasmas, comparisons of T; profiles from CXRS and
T, profiles from the TS system were performed in [29, 30]. It was found that T; = T, is valid
for certain collisionalities and is in general valid at the pedestal top.

Originally, in Europed, the density and temperature pedestal widths are assumed equal,
and used to determine the pressure pedestal width. This is not necessarily the case for
MAST pedestals, as shown in fig. 7a). In the SN configuration AT, ~ 0.68 £+ 0.05An, and
AT, ~ 0.81 &+ 0.11An, for the DN configuration. Europed now has the functionality to
specify this ratio [11]. Using the pedestal width ratio requires more prior knowledge, two
more inputs of two known quantities from experiment. A test has been performed with two
MAST cases, a SN and a DN case. The width ratio was specified using the values found
from the experimental database given above. By including the width ratio a less than 3%
change in the pedestal height and a less than 2% change in the pedestal width was found.
As this is a minor difference and requires more experimental inputs, the assumption that
An, = AT, will be used in the following Europed predictions in this paper.

There is an assumption that the separatrix density is some factor (f) of the pedestal
density height, where ne sep = f X Nepeq. Fig. 7b) of the MAST experimental pedestal data
indicates f decreases with increasing pedestal density height. When binned and the weighted
mean calculated the separatrix density data, calculated at the location where T .., = 40 eV
[47, 48], is reasonably constant across all the MAST shots for the range of pedestal densities.
The effect, on the pedestal prediction, of the changing separatrix density is minimal on
tokamaks such as JET, where previously a scan of f (ie. n. ) was performed [10] over a
range (f=0.1-0.4). Varying f from 0.1 to 0.6, for a SN and a DN MAST case, results in the
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predicted value of the pedestal temperature height and width changing by less than ~ 25%
and ~ 18% respectively.

The relative positions of the density (nep0s) and temperature (7% ,05) pedestals have been
analysed and, in general, it is found that (n.,.s) is shifted radially outwards of (7. ,.s). In
JET ITER-like-wall (JET-ILW) it has been shown that this resulting finite relative shift
directly impacts Europed predictions of the pedestal [19, 50]. Furthermore, an increased
relative shift results in a flattening of the density pedestal radially inward of the separatrix.
This leads to a reduction in the normalised density gradient Vn./n. and therefore an in-
crease in the parameter 1, o< (Vne/n.)”'. This in turn can lead to more virulent electron
temperature gradient (ETG) microinstabilities and therefore increased levels of turbulent
heat transport [51-53]. The role of the relative shift on both turbulent heat transport and
Europed predictions in MAST is therefore something that should be verified in future work.

DN shot #30422 SN shot #29782

lp: 0.415MA, Br: 0.473 T, Ro: 0.943, a: 0.544,
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Figure 8: The stability plots for a double null (shot #30422) a) and a single null (shot #29782)
b) discharge.

If experimental data is available, it is possible to verify if a particular case is close to
the P-B stability boundary giving an indication of whether the Europed prediction will
be reasonable, where the pedestal should be limited by P-B modes. ESSIVE is used to
check the stability, it uses HELENA to generate equilibria within a range of j and « space.
MISHKA is then used to test the MHD stability of each equilibrium, over a range of toroidal
mode numbers (n=1,2,3,4,5,10,20,30,50,70). P-B diagrams are shown in fig. 8a) and 8b)
for examples of a MAST DN and SN configuration respectively. These shots were chosen as
they cover a large range of MAST global and shaping parameter space. The DN and SN
global and shaping parameters are given in fig. 8a) and 8b) respectively. These shots also

have long periods of type I ELMs with a high amount (for MAST) of ELM cycles, such that
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ELM averaged profiles can be used. In both configurations the experimental point is located
in the unstable region close to the ballooning boundary, consistent with [19]. Note that not
all MAST type I ELMs are in this unstable region.
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Figure 9: a) The pressure pedestal width as a function of the pedestal normalised poloidal pressure.

b) The pressure width averaged from the density and temperature pedestal widths as a function of

ﬁ@,ped .

The MAST data is used to determine if the KBM constraint on the pedestal width, Ap, =
C'\/ Bo ped, is a good approximation for MAST. Ap, is shown as a function of 3y .4, in fig. 9 for
the type I ELM regimes in the SN and DN configurations. In Europed Ap, = (An.+AT,)/2.0
is used. As shown by comparing fig. 9a) with fig. 9b) the two are not equivalent in MAST.
From the pedestal database it is found that Ap, ~ 0.8 x (An, + AT,)/2.0, therefore, the
pressure width for MAST could be incorrectly predicted by Europed. In fig. 9 the solid lines
indicate the linear fit to m, where a value for C'is given in the figure. The dashed lines
show the fit to the data, where the A = C' (597ped)b, both C' and the exponent b decrease in
the fit. The values of C' and b are also given in fig. 9. The value of b is consistent with 0.5
within the errors, and the fit to \/Wped is reasonable, so the constraint could be valid for
the MAST pedestal predictions, with the correct choice of C.

A test is performed in Europed where C' is scanned, the predicted pedestal height and
width can then be compared to the experimental values. This was done for MAST shots
#29782 (SN) and #30422 (DN). The averaged profiles from the last 25% of the ELM cycle
are used from the type I ELMy period. Fig. 10 shows the results of the width constant scan.
As C' is increased both the pedestal height and width increase. The dashed line indicates
agreement between the Europed prediction and the experimental value, the prediction agrees
with the experimental values at different C' for the pedestal height and width. The temper-
ature pedestal height is correctly predicted at C' ~0.13 for the DN case and C ~ 0.145, for
the SN. This is also the case for the pedestal pressure.

The temperature pedestal height is predicted to within 10% for the value of C' calculated
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Figure 10: A scan in C' for a SN and a DN case showing a) the pedestal temperature height and
b) the pedestal temperature width. The predicted values are normalised to the experimental value,

where the dashed black line indicates agreement.

from the linear fit to the experimental data, when Ap. ., is used (fig. 9b)), for both cases.
However, the pedestal width is overestimated for the same value of C, the correct pedestal
width is predicted at a lower value of C~0.10-0.11. The double null pedestal height and
width is predicted at lower values of the width constant in comparison to the single null
configuration.

The choice of the width constant is important as this can have a significant effect on the
pedestal prediction, this should be kept in mind when attempting to make reliable pedestal
predictions for spherical tokamaks, such as MAST-U and beyond toward tokamaks such as
STEP.

5 Type Il ELM regimes and stability analysis

A potential H-mode regime for future spherical tokamaks, such as STEP, could be a type II
ELM regime and research is underway to investigate this. Type II ELMs are small, releasing
less pedestal energy during an event and thus lower heat fluxes reach divertor targets. Here,
type II ELMs from the MAST pedestal database are analysed. Ideal MHD stability analysis
and parameter scans are performed using ESSIVE, where comparisons between type I and
type II ELMs are made.

Type II ELM regimes in MAST [20] have only been observed in DN, where the plasma
is highly shaped. Comparisons have previously been made for type II ELMs in MAST
plasmas to other tokamaks, such as NSXT [21] and ASDEX Upgrade [20], where similar
characteristics have been identified on each device. In MAST, one difference to the ASDEX
Upgrade type II regime, is that the type II ELM filaments have low density, this results

16



in low density transport. The pedestal can then evolve and trigger a type I ELM. MAST
type II ELM regimes are interspersed with type I ELMs, whereas at ASDEX Upgrade [20],
the higher density pump out can allow for a sustained type II ELM regime. It has been
suggested that the type II ELMs at ASDEX Upgrade might be ballooning modes, which are

localised close to the separatrix [22]. Here, stability analysis is performed for type II ELMs
on MAST.
1.2 - - : : T T T
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2 08} :
L 06 [ R
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Figure 11: The D, trace for shot #24173 given above with fast camera frames, focused at the

plasma edge, during the small ELM at t=346 ms (within the red outline on the left), and images
during the type I ELM at t=363 ms (within the black outline).

5.1 Analysis of type Il experimental data

In general the type II ELM filaments are thought to originate closer to the LCFS, with
lower toroidal and radial velocities, and do not appear to detach. The type II ELMs have
the highest toroidal mode number (n) compared to other ELM types, where n ~ 20-30,
indicating more of a ballooning mode [20]. In fig. 11 fast camera images are shown for a
type I and a type II ELM, where the ELMs are indicted on the D, trace. The small ELMs
appear as small peaks on the D, trace (a zoom of the D, trace from fig. 1g)) where as the
larger peaks indicate type I ELMs. The fast camera shows uniform and numerous filaments
for the type II ELMs, whereas nonlinear and fewer larger filaments are observed during the
type I ELMs.

Type II ELMs occur at higher collisionality in MAST, v > 1, as shown in figs. 4a)-c).
This limit is consistent with previous observations in [21]. Fig. 4b) shows an upper limit of
~ 0.2 for By peq for the type II ELMs, a limit of 3,.q ~ 0.05 is also found. Again, the results
are consistent with previous findings [20, 24], and at larger pedestal 5 type I ELMs occur.
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Pedestal energy losses are consistently lower for the type II ELMs, compared to the other
ELM types, where AW/W,eq < 3%, as shown in fig. 4c¢). During the type II ELM crash
T¢ pea remains constant so only the convective part of AW is calculated here.

The type II ELM regimes can cover a range of pedestal heights. Where T¢ .4 is mostly
between the type I and type III ELMs in DN. n. ,.q in a type II regime is similar to that for
the type I. Fig. 3 shows only 2 data points for the type II ELMs in the final 25% of the ELM
cycle, due to lack of data it is difficult to draw conclusions but it appears that the type II
ELMs (yellow circles Fig. 3 b)) are positioned at lower jpeqr and g, relative to the type I
ELMs in DN configuration (black circles).
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Figure 12: a) Temperature and b) density profiles prior to a type I and type II ELM. Stability
plots for ¢) type I and d) type II ELMs, produced using ESSIVE. The green star represents the
experimental point, the solid black line indicates the stability boundary and the white line shows the

infinite n ballooning boundary.

5.2 Ideal MHD stability analysis of type Il ELMs

Ideal MHD stability analysis of the type II ELMs indicates whether the pedestal is located
close to the peeling-ballooning boundary. The profiles just before a type I ELM from shot
#24172 and a type II ELM from shot #24173 are input into ESSIVE to investigate P-B
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stability. Shot #24173 is a repeat of #24172, these shots have very similar global and
shaping parameters, and are given in fig. 12. The D, traces for each shot shows type II
ELM regimes interspersed with type I ELMs.

The electron temperature and density profiles are for a single T'S time point taken from
the last 25% of the ELM cycle, shown in fig. 12a) and 12b). It was not possible to use time
averaged profiles for the analysis due to lack of data at the end of the ELM cycles, in the
type II ELM shots. The type I and type II profiles are similar, with very little difference
between the pedestal profiles. Again, ESSIVE is used to investigate the ideal MHD stability,
over a range of toroidal mode numbers (n=1,2,3,4,5,10,20,30,50,70).

The stability plots for the type I and II ELMs are shown in fig. 12c) and 12d) respectively.
As expected due to the similarities in the input profiles the stability diagrams are alike. The
type II ELM experimental point is located at a lower jpeqr and oue., compared the type I
ELM. Both the type I and II pedestals are in the stable region of the P-B stability diagram.
The type II is also stable in the pedestal, in contrast to the type I ELM, which is locally
marginally unstable to n = oo ballooning modes at around v,, = 0.963 — 0.975. As shown
in fig. 13a), comparing the type II (cyan dashed line) and the type I (blue solid line) ELMs.
There is not much to distinguish the type I and the type II ELM cases shown here. The
same result, in relation to ideal MHD stability, has been found for the only other type II
ELM, from this MAST database, for which there was TS data in the last 25% of the ELM
cycle. The stable region is extended at the P-B nose in the stability plot. A test has been
performed, in this region, with increased poloidal resolution and also using ELITE for the
stability analysis, in each case this region remained stable.

In most MAST type I regimes, that are not mixed with type II ELMs, the experimental
point is positioned on or close to the ballooning boundary [19]. As shown in section 4, the
type I pedestal experimental point is usually at a lower current density than the peeling-
ballooning nose and is usually ballooning unstable. From fig. 13a) it is shown that, the pure
type I ELM regimes, from section 4 in the SN (dotted magenta line) and DN (black solid
line) configurations, are marginally unstable to n = oo ballooning modes across the pedestal.
Especially, in comparison to the mixed type I and type II regimes, which are close to the
stability boundary. In the future it would be interesting to investigate if this is the case for
other spherical tokamaks by exploring type II ELMs in MAST-U and NSTX. Shot #30422
has similar global and shaping parameters as the type II shots, the most significant difference
is the input power for the pure type I ELM regime, which is over double that of the type
/11 mixed regimes. This is consistent with the power scan given in [20], where as the input
power is increased the type II ELMs disappear and type I ELM regime is established. The
fits to the TS profile data, which are input to ESSIVE, indicate the T, n. and p. pedestal
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gradients are increased in shot #30422, in comparison to the type I and II profiles from the

mixed regimes, resulting in the differences observed in the stability plots.
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Figure 13: a) The ballooning stability for the parameter scans. The horizontal black dashed line
represents the ballooning stability threshold (below 1 is ballooning unstable). b) Values of ne pos —
Tepos and Ne sep for the type I and type II cases along with scans in the separatriz density and
the relative pedestal position. c¢) The j — o values for the type I and II profiles and the scans in

Ne pos — Te,pos and Ne sep-

5.3 Effect of n.,, and pedestal relative shift on stability

At ASDEX Upgrade, a higher separatrix density is observed during the type II ELM regime
[20, 22]. A scan in the separatrix density is performed here, starting from the type II
ELM case, to determine the effect on stability. Fig. 13b) indicates the range of separatrix
densities (grey triangles), which are used in the scan. A wide range of separatrix densities
have been scanned whilst the pedestal height remains fairly constant and the temperature
profile remains unchanged. The values of jjqr and au,., are given in fig. 13¢). Note that

the axes in fig. 13c) are different to the j — « plots in fig. 12 and only small changes in the
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pressure gradient and current density occur. As n. s, is decreased jpeqr and ayp,, increase.
However, even at separatrix densities lower than the type I ELM case the higher type I
values of Jpeqr and auq, are not reached. The n. ,.q was decreased from the type II to the
type I value, this resulted in a decrease in jpeqr and aupaq-

From the experimental profiles in fig. 12 a) and b) the relative shift (7 pos — Tt pos) Of the
pedestal positions appears to be one of the differences between the type I and type II profiles.
Nepos — Lepos Was varied, as shown in fig. 13b). First, the negative value of n. pos — Tt pos Of
the type II ELM is used to create new profiles for stability analysis. The orange diamonds
in fig. 13 b) and c) represent this case. Using ESSIVE, the stability analysis indicates an
increase in Jpeqr and ez, When ne o5 — Te pos is decreased.

Then, e pos — Tepos 1S switched from the positive type II (cyan square) to the negative
type I value (red diamond), note changing the relative shift also alters the separatrix density
slightly. Using the new value for ne pos — % pos the density profile is very similar to that of
the type I ELM profile in fig. 12a), but the temperature profile has a lower gradient, which
results in a lower maximum pressure gradient. From the stability analysis, the decrease in
Nepos — Lt pos again results in an increase in jpeqr and Qupq,, comparing red diamond and cyan
square in fig. 13c).

The ballooning stability calculation performed in HELENA indicates only small differ-
ences are observed in the pedestal region from the scans, as shown in fig. 13a). For the
negative relative shift and the 3 lowest separatrix density cases the pedestal is only just
locally ballooning unstable, at around 0.963 < ¥ < 0.973. As the separatrix density is
decreased the pedestal region becomes more ballooning unstable. No single pedestal param-
eter, which has been explored here, with the ideal MHD code, is alone responsible for the
difference between the type I and type II ELMs. To confirm these results, they should be

repeated for more type II ELMs, here we have focused on one specific profile.

6 Conclusions

In summary, the MAST pedestal data from the new upgraded TS system used in the final
3 campaigns on MAST, is presented, allowing for an overview of pedestal characteristics.
Trends in the different ELM types have been discussed and pedestal characteristics are
consistent with previous MAST pedestal results in [11]. Direct comparisons of the HFS and
LFS pedestal data was performed, made possible by the TS diagnostic, which has a view
across the whole plasma at the mid-plane. The density appears to vary on a flux surface,
where the pedestal width is, in general, narrower on the HFS. This should be considered
when performing density pedestal predictions, especially if the MHD stability is affected.

Bootstrap current calculations for the MAST database have been obtained and comparisons
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of the Sauter and Redl formulae are performed. The two calculations agree at low v}, but
deviate at higher v, and the HELENA calculations also indicate this.

The assumptions for Europed have been tested with MAST data in anticipation of future
spherical tokamak pedestal predictions. Most Europed assumptions hold including the KBM
constraint on the pedestal width, where the value of the width constant was evaluated from
the MAST database. It was found that C' ~ 0.145 for MAST, this is almost twice that of
previous studies on conventional tokamaks, where C=0.076 is obtained [17]. Using the at-
tained value, C' ~ 0.145, first MAST pedestal predictions were performed. The temperature
pedestal height was predicted to within 10% for a SN and a DN shot. The pedestal height
can be closely predicted using the width constant determined by experimental data, but the
pedestal width is overestimated for the same value of C. This will be further confirmed with
more MAST cases in future work.

Analysis of the MAST type II ELMs is performed. The stability analysis is performed
with ESSIVE and indicates that both the type I and II ELMs in the mixed regimes have
similar MHD stability properties, and are therefore difficult to distinguish using ideal MHD
alone. Both are P-B stable unlike the type I ELM from a purely type I regime, which is
located in the ballooning region of the stability diagram. Parameter scans of decreasing
Ne,sep ANA Mg pos — Tepos Tesulted in an increase in the maximum edge current density and
pedestal pressure gradient. No threshold to a type I ELM was observed when individually
varying these parameters.

The MAST pedestal data has been analysed here, similar pedestal characteristics have
been found in a comparison to previous MAST pedestal data analysis. The data has been
used to validate the Europed assumptions, where more confidence can be given to the Eu-
roped pedestal predictions. By predicting pedestals, which are limited by peeling-ballooning
modes, large ELM regimes could be avoided in future tokamaks, where alternative operating
regimes will be required. Future work could include confirming the results from the experi-
mental database with data from machines, such as NSTX and MAST-U, to determine if the
ELM features, which are observed here, are consistent with other spherical tokamaks. This
will allow stronger conclusions to be drawn and the knowledge would contribute to future

spherical tokamaks such as STEP.
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