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Abstract

We present the results from a new fuelling scan database consisting of 14 high
triangularity (6 ~ 0.41), Type | ELMy H-mode JET plasmas. As the fuelling level is
increased from low, (I'p ~ 0.2x10%€l/s, Ne pea/Ngw=0.7), to high dosing (I'p ~
2.6x10%%l/s, Ne pea/Ngw=1.0) the variation in ELM behaviour is consistent with a

transition from ‘pure Type I’ to ‘mixed Type I/II’ ELMs [1]. However, the pulses in
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this new database are better diagnosed in comparison to previous studies and most
notable have pedestal measurements provided by the JET High Resolution Thomson
Scattering (HRTS) system. We continue by presenting, for the first time, the role of
pedestal structure, as quantified by a least squares mtanh fit to the HRTS profiles, on
the performance across the fuelling scan. A key result is that the pedestal width
narrows and peak pressure gradient increases during the ELM cycle for low fuelling
plasmas, whereas at high fuelling the pedestal width and peak pressure gradient
saturates towards the latter half of the ELM cycle. An ideal MHD stability analysis
shows that both low and high fuelling plasmas move from stable to unstable
approaching the ideal ballooning limit of the finite peeling ballooning stability
boundary. Comparison to EPED predictions show on average good agreement with
experimental measurements for both pedestal height and width however when
presented as a function of pedestal density, experiment and model show opposing
trends. The measured pre-ELM pressure pedestal height increases by ~ 20% whereas
EPED predicts a decrease of 25% from low to high fuelling. Similarly the measured
pressure pedestal width widens by ~ 55%, in poloidal flux space, whereas EPED
predicts a decrease of 20% from low to high fuelling. We give two possible
explanations for the disagreement. First, it may be that EPED under-predicts the
critical density, which marks the transition from kink-peeling to ballooning limited
plasmas. Second, the stronger broadening of the experimental pedestal width than
predicted by EPED is an indication that other transport related processes contribute to
defining the pedestal width such as enhanced inter-ELM transport as observed at high

fuelling, for mixed Type I/1l ELMy pulses.
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1. Introduction

The ITER baseline scenario is a Type | ELMy H-mode [2]. An H-mode is a high
confinement mode of operation that is believed to arise due to the suppression of edge
turbulence, resulting in an Edge Transport Barrier (ETB) [3-5]. A consequence of the
ETB is the formation of a steep pressure gradient at the plasma edge called the
pedestal. The pressure pedestal height is limited by Edge Localised Modes (ELMs).
ELMs are a periodic relaxation of the pedestal due to reaching a critical pedestal
width and height, thought to be associated with crossing the Peeling Ballooning (PB)
stability boundary [6]. The plasma core performance is strongly linked to the pressure

pedestal height [7, 8].

ITER will be considerably larger than current machines, operating at higher
temperature and density. ITER will also be the first machine to have a significant
fusion alpha particle fraction, contributing towards plasma heating [2]. To improve
the understanding of the ITER baseline scenario, research on current machines is
focused on characterising regimes approaching the operational parameters of ITER.
On JET, a discharge cannot simultaneously achieve ITER-like temperature and
density. Instead separate studies investigate each operational parameter. For
example, high temperature, low collisionality JET plasmas have been addressed [9].

Also of interest are dense plasmas, comparable to the Greenwald density.

Reference [10] states that at high density, with gas puff fuelling, it is difficult to

maintain confinement in the Type | ELMy H-mode. A possible solution is to increase

the degree of plasma shaping; more specifically the triangularity [8]. Dense, high
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triangularity ITER-like plasmas have been investigated by [1] on JET and are the
focus of this paper. The key findings in [1] are, first, there was little degradation of
stored energy when fuelled up to a pedestal density normalised to the Greenwald
density (Nepea/New ~1). Second, the Type | ELM frequency decreased with increasing
pedestal density. And finally, the inter-ELM heat losses increased at high pedestal
density, Npea/New > 0.7, thought to be due to a transition from a pure Type | to a mixed

Type I/11 ELMy regime.

The 2002 study was limited by diagnostic capabilities and consequently there
remained some unanswered questions with respect to the role of pedestal structure to
the change in performance. This can now be addressed using the JET High
Resolution Thomson Scattering (HRTS) system [11], installed in 2005. In this paper,
a new database is presented consisting of 14 dense high triangularity ELMy H-mode
JET plasmas, comparable to [1], with good diagnostic coverage. The aim of this
study is to utilise the HRTS electron temperature and density profiles to quantify the
pre-ELM pedestal structure and the pedestal evolution during the ELM cycle. These
measurements facilitate a PB stability analysis and a comparison to the leading

predictive pedestal structure model, EPED [12-14].

Measurements of radial kinetic pedestal profiles, like the results presented in this
paper, have been the focus of numerous studies. These studies have the collective aim
of contributing towards the understanding of the physical processes governing the H-
mode pedestal structure and therefore providing a basis for predictive models. The
scaling of the pedestal structure with dimensionless parameters, such as normalized

ion gyroradius (p” = pi/a), gives an indication of the possible pedestal structure on
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future devices such as ITER. A positive scaling of the pedestal width with
normalized gyroradius p~ was a concern for ITER as it will operate at comparatively
low p” however this has been addressed by [15-20] and all show a weak scaling.
Another important parameter is the normalised poloidal pedestal pressure (Bpot,ped) as
studied in detail by [12, 15, 18, 20-26]. The average of the electron temperature and
density pedestal width in normalized poloidal flux is shown to scale with (BpOLped)o"r’.
This scaling relationship is discussed in more detail in Section 5.2 as is one of the two
constraints within the EPED model. Also of interest is how the pedestal structure
evolves during the ELM cycle. The electron temperature and density pedestal width
widens during the ELM cycle on DIII-D [22, 27] and MAST [28, 29]. This behaviour

is considered typical and is well described by EPED [12-14].

In this paper, the focus of Section 2 and Section 3 is to show that the 2002 and new
databases are comparable before going on, to present the new pedestal measurements.
In Section 2, there is a detailed description and comparison of the two databases.
Then the plasma performance of the new database is presented. Section 3 focuses on
the transition from a pure Type | to a mixed Type /1l ELMy regime at high fuelling,

as originally observed in the 2002 study [1].

Section 4 studies the electron temperature and density pedestal width and height
determined by fitting a modified hyperbolic tangent (mtanh) function to HRTS
profiles. Furthermore the inter-ELM evolution of the pedestal structure is studied by
fitting to profiles selected from a temporal window in various phases of the ELM

cycle.
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Section 5 presents the result of a pedestal stability code, MISHKA-1 [30]. MISHKA-
1 calculates the position of the PB stability boundary and the proximity of the plasma
edge to this boundary, using the experimental profiles. A sensitivity analysis to
quantify the uncertainties associated with the operational points relative to the
stability boundary is also presented. Then section 5 goes on to present a comparison
of the pedestal measurements to the results from the EPED1 model [12-14]. EPED1
is designed to predict the pressure pedestal width and height for present and future
devices. This comparison helps further test that model and interpret the observations.

Section 6 discusses the conclusions.
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2. Description of database

2.1. Plasma scenarios

The JET pulses within the new database were obtained during experiments with a
carbon fibre composite (CFC) wall before the installation of the current Be/W ITER-
Like-Wall (ILW) [31]. A D, fuelling scan from I'p ~ 0.2 to 6.1x10% electrons per
second (el/s) was performed over 14 single null, Type | ELMy H-mode plasmas as
described in [32, 33]. The high triangularity plasma scenarios for the 2002 and

present study are compared in Table 1.

2002 Current
(Bup+Siow)/2 =38 | (0.49 +0.45)/2=0.47 (0.43 +0.39)/2=0.41
I,/Bt 2.5MAR.TT 2.5MAR.TT
Pnsi <15MW <15MW
I'o 0-5x10%%el/s 0.2-6.1x10%el/s
Divertor Config. | Septum Divertor (Carbon) | LBSRP Divertor (Carbon)

Table 1. Comparison of plasma scenario for 2002 and present day scenario. The
current divertor configuration is termed Load Bearing Septum Replacement Plate

(LBSRP) [34].

The two scenarios have similar plasma current, toroidal magnetic field strength,
Neutral Beam Injection (NBI) heating power and gas fuelling capabilities. There is a
small variation in triangularity due to the most notable difference between the two

scenarios, the divertor configuration.
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Figure 1. a) Comparison of EFIT equilibrium reconstruction for JPN 52014 blue line
(t =23.1s) [1] and JPN 79503 red line (t = 22.0s) where the green line is the HRTS
line-of-sight. Divertor configuration for b) JPN 52014 (Septum Divertor) and c) JPN

79503 (LBSRP Divertor).

Figure 1 shows the EFIT equilibrium reconstruction for JET Pulse Number (JPN):
52014, from the 2002 study; and 79503, from the current study. The divertor
geometry shown by Figure 1b is the Septum Divertor (SD) configuration, used in the
2002 study. The divertor geometry shown by Figure 1a and c is the Load Bearing
Septum Replacement Plate (LBSRP) divertor configuration, as used in the current
study. When operating with the LBSRP divertor an optimisation of plasma volume
was possible due to achieving magnetic configurations with a lowered X-point
position. The configuration chosen for this study is optimised for both volume and a

choice of triangularity (6~0.41) at which good confinement at high density was found.
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Also as shown by the arrow on Figure 1c the variation in D, fuelling from 0.2 to

6.1x10%%el/s is provided by a gas injection model located at the inner divertor [32].

2.2. Diagnostic setup

As previously mentioned, the 2002 study [1] was limited by diagnostic capabilities.
The maximum electron density of the plasmas in [1] was ~ 10°°m™, which is greater
than the density cut-off for ECE emission, ~ 8.5 x 10°m™. As a result the ECE
heterodyne radiometer could not provide pre-ELM temperature profiles. However,
currently the JET HRTS system can measure temperature and density profiles
throughout the ELM cycle. The system utilises a 5J Q-switched Nd:YAG laser (A =
1064nm) with a 20ns pulse duration and a 20Hz repetition rate across the entire JET
pulse (~800 profiles) [11, 35]. The HRTS line-of-sight in the outer midplane is

indicated by the green line in Figure 1a.

During the campaign the spatial resolution of the HRTS system was improved from a
Full Width Half Maximum (FWHM) instrument function of ~ 22mm to ~ 11mm [35].
Three out of the 14 plasmas have higher spatial resolution and are indicated by
differently coloured symbols in the rest of the paper. It is also important to note the
HRTS electron temperature data for the pulses presented in this paper are calibrated
via cross-comparison to ECE data on a few dedicated shots. In this instance the ECE
temperature data uses the 1995 calibration as opposed to the more recent calibration

detailed by [36].
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2.3. Plasma confinement

Figure 2 shows the evolution of key plasma parameters for a low fuelling (0.2
x10%%el/s, in blue) and a high fuelling pulse (2.6 x10?%el/s, in red) where both have
high resolution HRTS coverage. And therefore these same two pulses will later be

used for detailed profile analysis (Section 4).

— Low fuelling (JET Pulse No: 79498)
— High fuelling (JET Pulse No: 79503)
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Figure 2. Low (blue) and high (red) fuelling pulses showing a) NBI power, b) bulk
radiated power fraction, c) separatrix radiated power fraction, d) line averaged
density n. and ngw, €) normalised toroidal beta, f) stored energy, g) gas fuelling rate,

h) D, emission for low fuelling and i) D, emission for high fuelling.
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The selected stationary region of a pulse is indicated by the coloured region of each
trace in Figure 2. Plasma parameters are averaged over this region and as discussed

later, HRTS profiles are selected for further analysis within this region.

Figure 2 shows for a similar input power (Pngi ~ 15MW) both pulses have a
comparable normalised beta (Bn ~ 1.9) and stored energy (Wpja~ 6MW). The two
pulses have line averaged densities of 8.0 and 9.5 x10%° m™ which is respectively 75%
and 100% of the Greenwald density limit. As a consequence the confinement
enhancement factor (Hgg) for these two pulses differ slightly (Hgg = 1.0 and Hgg =
0.95) due to the density dependence in the confinement scaling law (Figure 3). Figure
2h and 2i show that the ELM frequency reduces when the fuelling level in increased,

as is typical for dense high triangularity plasmas in JET [1].

The 2002 and current optimised high 5 Type | ELMy H-mode plasma scenarios,
although different, both exhibit similar ELM behaviour and comparable confinement.
The confinement enhancement factor (Hgg) as defined [37] is used as a measure of the
confinement performance. More specifically Hgg is the ratio of the energy
confinement time for a specific pulse as determined from measured quantities to the
energy confinement time calculated from a scaling relation which is a function of
geometry and basic plasma parameters. The scaling relation is determined via
regression analysis of the ITER H-mode confinement database consisting of data from
12 different Tokamaks [37]. Figure 3a and 3b show Hgg as a function of fuelling rate

and the pedestal density normalised to the Greenwald density respectively.
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Figure 3. Hgg as a function of a) fuelling rate and b) pedestal density. Total stored

thermal energy (W) as a function of ¢) fuelling rate and d) pedestal density.

Pedestal stored energy (Wpeq) as a function of e) fuelling rate and f) pedestal density.

Ratio of pedestal stored energy to total stored thermal energy (Wyea/Win) as a function

of g) fuelling rate and h) pedestal density. Figure 2 distinguishes between pulses with

low (orange) and high (green) resolution HRTS data. The pulse labelled Comp.

ELMs has a compound ELMy regime.

Figure 3a shows Hgg decreases by less than 10% up to a fuelling rate of I'. ~ 4.8x10%

el/s. Above this fuelling rate there is a transition to a lower confinement state, so
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called compound ELMs [38], as indicated by a further reduction of Hgg (~20%). The
ELM frequency of the compound ELMy pulse is ~100Hz, whereas all the other pulses
within the fuelling scan are between 5-25Hz. The ELM frequency is discussed further

in section 3.

The variation of Hgg for a given level of fuelling, see Figure 3a, implies the fuelling
level does not sort the performance for these plasmas well. To achieve similar plasma
parameters on different operational days the fuelling level has to be fine-tuned. This
IS to account for variations in wall conditioning and fuelling port location. A better
sorting of the data is found with the pedestal density normalised to the Greenwald
density (Neped/New), @ plasma parameter, rather than the fuelling level (I'p), a machine
parameter, as shown by Figure 3b. As pedestal density increases, Hgg remains
approximately constant within error between ne peg/ngw ~ 0.65 — 0.75. Above
Neped/New ~ 0.8, Hog increases again, due to an apparent confinement improvement, up
to a pedestal density of ne pea/new ~ 1.0. The degraded performance of the compound
ELMy pulse results in an intermediate pedestal density (Neped/New ~ 0.82).
Comparison of Figure 3a and 3b, indicate as the fuelling is increased the pedestal
density initially increases, peaking at ne pea/New ~ 1.0, corresponding to a fuelling rate
of 2.6x10%el/s. As the fuelling is further increased up to I'p ~ 6.1x10%%l/s, the

pedestal density decreases due to the compound ELM transition.

Figure 3c and 3d show the total stored thermal energy (W) as a function of fuelling
rate and pedestal density respectively. The stored thermal energy is calculated by
correcting the measured diamagnetic energy (Wp,a) with the energy of the fast ions

(WPET) given by [39],
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Wth :WDIA __WPET : (1)

N W

Similar to Figure 3a, Figure 3c shows a minimal degradation of stored thermal energy
as fuelling increases until the compound ELM transition. Like Hgg as shown in Figure
3b, Figure 3d shows Wy, is approximately constant between ne pes/ngw ~ 0.65 — 0.75,

increases at higher fuelling and then degrades for the compound ELM transition.

The pedestal stored energy, Wopeq, is calculated by evaluating the volume integral of

the pressure profile capped at the pressure pedestal height. The integral is given by:

Wped (‘]) = gj.(p| + pe ):lV ~ gj.e(ni-ri + neTe )jV ~ %J-e(13_ Zeff )neTedV (2)

where p; and pe are the ion and electron pressure profiles respectively in Pa; V is the
plasma volume in m*; e is a constant required for the conversion from eV to J and is
equal to the elementary charge (~ 1.602x10™%); n; and ne are the ion and electron
density profiles respectively in m™; T; and Te are the ion and electron temperature
profiles respectively in eV; and Zg is the average effective atomic charge. The
pressure profile is calculated from the product of an mtanh fit [20] to the density and
temperature HRTS data. The HRTS data selected for the fits in Figure 3e and 3f are
ELM averaged over the stationary phase of a pulse. Equation 2 assumes T; ~ T,
justified for all pulses discussed here due to their high density and therefore strong
ion-electron heat exchange coupling. Zes is averaged over the stationary phase of

each pulse within the fuelling database and is assumed constant in radius. Ze ranges
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from 1.5 to 2.1. The expression for Weq utilises the following relationship between n;

and ne assuming Carbon is the sole impurity,

n, :(7_26“ jne. (3)

The pedestal stored energy as calculated by equation (2) is shown in Figures 3e and 3f
In contrast to Figure 3a, Figure 3e shows as the fuelling is increased, the pedestal
stored energy also increases and peaks at a fuelling rate of I'p ~ 2.6x10%el/s. At
higher fuelling the pedestal stored energy then decreases. Figure 3f shows the low
fuelling pulses have low pedestal density and pedestal stored energy. The pedestal
density and pedestal stored energy both peak at a fuelling of I'p ~ 2.6x10%el/s. As
the fuelling is further increased, towards the compound ELM transition, the pedestal

density and pedestal stored energy both degrade.

Figure 3g and 3h show the ratio of the pedestal stored energy to the total thermal
stored energy (Wpea/Win) as a function of fuelling rate and the pedestal density
respectively. This ratio gives an indication of the profile peaking, which is the
relative edge and core performance. The greater the core performance relative to the
edge, the more peaked the profile. The profile peaking is not constant across the
fuelling scan as Wped/ Wi, ranges from 0.27 at low pedestal density (ne pes/New ~ 0.65)
to 0.35 at high pedestal density (Neped/New ~ 1.0). To summarise, Figure 3b and 3d
show for Type | ELMy pulses there is minimal degradation in overall performance

(Hog and Win) Up 0 Ne pea/Naw ~ 1, in agreement with [1].
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3. ELM characterisation

The ELM type for the 2002 study was characterised as Type | ELMs at low fuelling

and as mixed Type I/ll ELMs at high fuelling levels [1].

A pure Type Il ELMy regime is classified by the absence of large transient heat loads
(Type I ELMs) and a minimal decrease in confinement (Hgg) when compared to a
Type | ELMy regime [40]. Type Il ELMs produce a continuous power load on
plasma facing components, similar to that of Type Il ELMs. The degradation in
confinement due to Type Il ELMs is typically less than 10%, distinguishing them
from a larger reduction in confinement of ~20-30% found in Type 11l ELMy regimes

[38].

A transition from a Type | to a pure Type Il ELMy regime is observed on AUG in
single null configurations [41]. This transition is achieved by applying strong fuelling
to exceed a collisionality threshold. Gas fuelling and plasma shaping, more
specifically the proximity to Double Null (DN), are the two main methods of

controlling the Type I to Type Il transition [40].

JET results do thus far not show a pure Type Il ELM regime in a single null
configuration [42], but instead there is evidence for a mixed Type I/Il ELMy regime
for pulses with a high pedestal density where ne > 0.7ncw, as seen by [1]. A mixed
Type I/11 ELMy regime exhibits increased inter-ELM losses (Type I1) between Type |

ELMs. The key findings from the new fuelling scan database, which exhibits the
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same mixed Type /Il behaviour, are presented below focusing on the ELM frequency

dependence, inter-ELM build up of stored energy and magnetic fluctuations.

Figure 2h and 2i show the D, emission for the low and high fuelling case
respectively. The ELM frequency for a low and high fuelling pulse is 17.5Hz and
7.8Hz respectively. Figure 4 shows the ELM frequency for the entire database as a
function of pedestal density. As observed by [1], the ELM frequency for the new

database of high triangularity pulses decreases with increasing pedestal density.
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Figure 4. ELM frequency as a function of pedestal density normalised to the

Greenwald density.

The explanation given by [1] for the decrease in ELM frequency is that increased

inter-ELM losses (Type 1l activity) at higher pedestal density, increases the time taken

to reach the critical pressure and therefore reduces the Type | ELM frequency.
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For the mixed Type I/Il ELMy regime to account for the ELM frequency variation, it
would be expected that the energy build-up for a pulse exhibiting Type Il inter-ELM
activity, a high fuelling pulse, would be slower in comparison to a low fuelling pulse.
Figure 5 compares the inter-ELM stored energy build-up of a high and low fuelling
pulse as calculated from magnetic diagnostics. The build up after multiple ELM
collapses are overlaid to improve temporal resolution, see Figure 5a. Figure 5b shows
the result of normalising the ELM synchronised data to a 5-10ms post-ELM window
and then applying a moving average. Figure 5a and b both show there is a difference
in the build up between the two pulses and also that the build up of stored energy does

not saturate.

7.5 1.2
(a) Stored energy (b) Averaged stored energy
115~
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Figure 5. Build-up of stored energy (Wwrp) for the low and high fuelling cases as a
function of time from the previous ELM. a) shows the ELM synchronised data and b)
shows the result of first normalising the ELM synchronised data to a 5-10ms post-

ELM window and then applying a moving average.

As well as the variation in ELM behaviour previously studies [1, 40, 43, 44] have
considered magnetic fluctuations when establishing the characterisation of mixed
Type I/1l ELMs. The Type Il ELM activity between the Type | ELMs on JET

coincides with an increase of the intensity of broadband magnetic fluctuations at low
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frequency (<40kHz) and these MHD events are termed washboard modes. A detailed
study by [43] discusses the causal link between washboard modes and increased inter-
ELM transport referred to as Type Il ELMs. It is thought washboard modes regulate
the build up of pressure (stored energy) by enhanced inter-ELM transport (Type Il

ELMs).

The magnetic fluctuation behaviour of the new database presented in this paper is
consistent with [1]. Figure 6 shows the MHD fluctuation intensity for the high
fuelling pulse in comparison to the low fuelling pulse increases at low frequency (0-
40kHz) consistent with an increase in washboard mode activity. There is also a
decrease in MHD fluctuation intensity at high frequency (above 40kHz). This is
visible from the spectrograms for the low and high fuelling pulses as shown by Figure

7a and b respectively.

100 ||

WA Pulse No: 79498:20.207-20.238

3

Log,,(A)

10

11
1?’ Pulse No: 79503:20.509-20.538

JG12.415-18c

| | | | | |
20 40 60 80 100 120 140

f (kHz)

Figure 6. Comparison of MHD fluctuation intensity for a low (blue) and high fuelling
(red) JET pulse as determined by averaging a Fourier spectra, vertical slices of the

corresponding spectrogram (Figure 7), within a specified time interval (t=20.207-
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20.238s for the low fuelling pulse and t=20.509-20.538s for the high fuelling pulse).
The intense low frequency peaks, for example for the low fuelling pulse (blue) at
12kHz and 21kHz, are associated with core MHD activity and should be disregarded
when comparing of the broadband magnetic fluctuation behaviour associated with

washboard modes.
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Figure 7. Magnetic frequency spectrograms from a coil low-field side for a) low
fuelling (JPN: 79498) and b) high fuelling (JPN: 79503) pulses. The numbers to the
right of the colour scale denote log;o of the amplitude [43]. The narrow intense red

vertical lines are the Type | ELMs and the narrow intense red horizontal lines are
associated with core MHD activity. The washboard mode activity is indicated by the
inter-ELM more broadband ubiquitous yellow/orange features. There is washboard

mode activity in both low and high fuelling pulses however the difference is the

relative intensity of low and high frequency components of these washboard modes.
For the low fuelling pulse the toroidal mode number (n) for the easily distinguishable
individual bands are n=-1to -6. For the high fuelling pulse n ranges from -2 for the
lower frequency broad band end of the spectrum to -6 for the higher frequency end of

the spectrum.
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In summary, the observations on the ELM regime in this paper are consistent with
those in [1] and a transition from the pure Type | ELMs to a mixed Type I/1l ELMy
regime is a most likely reason for the non-standard ELM behaviour. Following the
convention as laid out in [1], the low and high fuelling example pulses referred to

within this paper are termed as pure Type | and mixed Type I/l ELMy H-modes.

4. Pedestal measurements

In section 2.2 we saw that the increase in stored thermal energy above neped/New = 0.8
is largely due to an increase of the pedestal stored energy. To understand why the
pedestal performance improves when the fuelling level is increased this section
quantifies the behaviour of the H-mode pedestal within the new JET fuelling
database, utilising electron temperature (T.) and density (ne) profiles produced by the
JET HRTS system. The pedestal structure, i.e. the width and height, and pedestal
dynamics are quantified by least squares mtanh fits to ELM synchronised HRTS
profiles. Fitting an mtanh function to radial kinetic profiles is a common technique
used on many machines such as JET [19, 20], AUG [23, 26], DIlI-D [22, 27], Alcator
C-Mod [45, 46], MAST [24, 28, 29, 47], NSTX [25] and JT-60 [48]. The mtanh fits
to the JET HRTS profiles presented in this section are used in Section 5 when
evaluating the Peeling Ballooning stability and comparing experimental results to

EPEDL1 predictions for the pedestal pressure.

4.1. Pedestal fitting: mtanh and linear forms

Page 21 of 58



M. Leyland

For pulses within the new database, the Type | ELM period ranges from 25-150ms.
The HRTS laser fires every 50ms therefore on average there are 1-2 profiles per ELM
period. HRTS T, and n profiles typically have 2-3 spatial points defining the
pedestal region. To maximise the data selected for performing a fit, specifically the
number of points defining the pedestal, profiles from the same phase of the ELM
cycle are overlapped. Profiles within the last 70-99% of the ELM cycle, from a
window spanning the stationary phase of a pulse (typically ~ 2s), are used to
determine pre-ELM fits [20, 35]. The radial position of each profile is corrected
according to the edge of the plasma to account for the dynamic variation of the
plasma position during the pulse. The profiles are deconvolved using a numerically
calculated instrument function taking into account the input setup of the
polychromators [35]. The density and temperature profiles use a classic and weighted
deconvolution technique respectively, [49]. Figure 8 shows the result of a least
squares mtanh fit to determine the pedestal width and height. Figure 8a-d show the
selected overlaid HRTS temperature and density profiles (open circles) and the
corresponding mtanh fits (dashed lines) for the pure Type | pulse and mixed Type I/11
pulse respectively as shown in Figure 2. Comparison of the pure Type | and mixed
Type /11 pulses detailed in Figure 8 show both the temperature and density pedestals
are wider for the mixed Type I/1l pulse in comparison to the pure Type | pulse.
Further still, the pedestal temperature is smaller by ~ 0.1keV (12%) whereas the
pedestal density is significantly larger by ~ 2.6x10"°m™ (37%), as a consequence the

pedestal pressure increases by 20%

Beyond the extent of the foot of the mtanh fit function, see Figure 8, there is minimal

data weakening the validity of the mtanh fit in this region. Least squares linear fits
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were performed on the same data selected for the mtanh fits to provide a comparison,
see Figure 9 [23]. Figure 9a-d show the linear fit to the selected overlaid HRTS
temperature and density profiles for the pure Type | and mixed Type /Il pulse
respectively. In agreement with the mtanh fit, the linear fits suggest the temperature
and density pedestal is wider for the mixed Type I/Il pulse in comparison to the pure
Type | pulse. Further still, the pedestal temperature and pedestal density, determined
from the linear fit, show a similar small decrease and significant increase respectively.
In comparison to the mtanh fit the linear fit width is larger for both the temperature
and density pedestal. The temperature pedestal height from the linear fit is marginally
larger in comparison to the mtanh fit. Interestingly the density pedestal height is
similar for the mtanh and linear fit due to the relatively flat core gradient accurately

constraining the knee of the profile.
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Figure 8. Example of mtanh fits for temperature and density JET HRTS profiles for a,

¢) low (blue) and b, d) high (red) fuelling pulses.
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Figure 9. Example of linear fits for temperature and density JET HRTS profiles for a,

¢) low (blue) and b, d) high (red) fuelling pulses.

Figure 10 details a comparison of linear and mtanh fits for the temperature pedestal
width, the density pedestal width, the temperature pedestal height and the density
pedestal height. This comparison includes all pulses within the new JET fuelling
database. As well as considering HRTS profiles from the last 70-99% of the ELM
cycle, profiles within 0-10%, and 0-100% (i.e. all time windows) of the ELM cycle

were also considered.

The linear density and temperature pedestal width is larger than the corresponding
mtanh widths as shown by Figure 10a and b respectively, due to a difference in the
definition of the pedestal widths for both fits. Similarly Figure 10c shows the linear
temperature pedestal height is larger than the mtanh pedestal height. Figure 10d

shows the density pedestal heights for the linear and mtanh fits are in good agreement.
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To summarise there are some deviations between pedestal widths and heights when
comparing linear and mtanh fits, see Figure 10. These deviations are purely a

consequence of the different fit functions. The data trends are still consistent.

Figure 10a and b show the post-ELM widths (orange data points) are larger than the
pre-ELM widths (red data points) indicating both the density and temperature pedestal
width narrows during the ELM cycles. The pedestal structure evolution is discussed

in more detail in section 4.3.
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Figure 10. Comparison of linear and mtanh fit results for a) temperature pedestal
width, b) the density pedestal width, c¢) the temperature pedestal height and d) the

density pedestal height for all pulses within the new JET fuelling database.

4.2. Pedestal structure
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In this paper we refer to the pedestal structure as the width and height of the pedestal.
The examples of mtanh and linear fits in the previous section, Figure 8 and 9
respectively, show for the mixed Type /Il pulse in comparison to the pure Type |
pulse: the temperature and density pedestal widens; the pedestal temperature is lower
and the pedestal density is higher. This section presents the measurements of the pre-

ELM (70-99%) pedestal structure for all pulses within the new fuelling scan database.

Figure 11 shows the variation of pedestal width with respect to the pedestal density.
The temperature and density widths for pulses with low (FWHM ~ 22 mm) resolution
HRTS profiles, the orange points, are more scattered and have larger error bars in
comparison to the pulses with high (~11 mm) resolution HRTS pulses, the green
points. This is understandably so as the actual pedestal width, i.e. 1.5-2.0cm for the
density and 2.0-3.0cm for the temperature pedestal is of the same order as the width
of the instrument function for the lower resolution cases [35]. The comparison of
relative scatter between low and high resolution HRTS pulses may be misleading due
to there being more low resolution HRTS pulses. The low resolution HRTS pulses
for the temperature pedestal width are particular scattered and this may be due to
larger errors associated with the weighted deconvolution technique [49]. The high
resolution data from Figure 11a and 11b shows evidence for the temperature and
density pedestal widening as the pedestal density increases. The data set is limited

due to no pulses with intermediate pedestal densities.

Page 26 of 58



M. Leyland

4.0
3.5
3.0—

(a) Temperature pedestal width

2.5~
2.0-
1.5
1.0

Are (€M)

(b) Density pedestal width
22—

1.8

Ane (€M)

1.4~ Inst. Funct. (FWHM): ~22mm
Inst. Funct. (FWHM): ~11mm

2 JG12.415-10¢

| | |
0.6 0.7 0.8 0.9 1.0
ne,ped/nGW

-

Figure 11. a) Temperature pedestal width and b) density pedestal width as a function
of density pedestal height normalised to Greenwald density. Pedestal widths
determined from mtanh fits incorporating a weight deconvolution technique for the
electron temperature [49] and classic deconvolution technique for the electron

density.

Figure 12 shows the pedestal temperature versus pedestal density for all pulses within
the current fuelling database. The two main groups of pulses correspond to pure Type
I (low fuelling) and mixed Type I/11 (high fuelling) ELMy H-modes. The mixed Type
I/11 pulses have a lower pedestal temperature and higher pedestal density relative to
the pure Type | pulses, see Figure 8. Further still, as indicated by the isobars, black
dashed lines, the mixed Type I/l pulses have higher pedestal pressure. The pure
Type | pulses are all between the lower (p.) and central (pc) isobars whereas the
mixed Type I/11 pulses are between the central (pc) and upper (py) isobars. The

degraded performance of the compound ELMy pulse is reflected in the lowest
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pressure pedestal due to a reduction in both Te (Tped ~ 0.55keV) and ne (ne ~

7.8x10°m’3).
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Figure 12. Pedestal temperature versus pedestal density for all 14 discharges within

the new fuelling database. There are three isobars indicated by black dashed lines.

pc is the central isobar. The lower isobar, p_ is a 20% decrease with respect to pc

and the upper isobar, py a 20% increase, also with respect to pc.

4.3. Pedestal Dynamics

The HRTS profiles for two plasmas with high resolution data; a pure Type | and a

mixed Type I/11 pulse from the new JET fuelling database, have been windowed from

0-10%, 10-40%, 40-70% and 70-99% of the ELM cycle. The corresponding mtanh

fits quantify the pedestal width and height for each region of the ELM cycle. The

initial 0-10% of the ELM cycle can be considered as a transient recovery phase after
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the ELM crash. As a result the pedestal width and height from the fit corresponding

to 0-10% of the ELM cycle may not follow a trend described by the rest of the data.

Figure 13a shows the evolution of the temperature and density pedestal width for a
pure Type | and mixed Type I/11 pulse. For both pulses the temperature and density
pedestals jump from large post-ELM pedestal widths (Ape ~ 5.0-5.7cm, A+ ~ 4.0-
4.5cm), corresponding to profiles from 0-10% of the ELM cycle, to smaller
intermediate values (Ane ~ 2.0cm, Ate ~ 3.0cm). The pure Type | pulse then
progressively narrows during the rest of the ELM cycle to pre-ELM widths of Ape =
1.5cm and Ate = 1.9cm. In comparison, the pre-ELM widths for the mixed Type I/11
pulse are Ape = 2.1cm and Are = 2.9cm as the pedestal widths remain approximately
constant for 10-40%, 40-70% and 70-99% of the ELM cycle. The inter-ELM
evolution of the density pedestal width, as observed using HRTS, has been verified
using Li-beam measurements at the plasma edge for a pure Type | ELMy pulse and

mixed Type I/l ELMy pulse presented in this paper [50].

The evolution of the temperature and density pedestal height during the ELM cycle
for a pure Type | and mixed Type I/l pulse is shown by Figure 13b. Initially the
temperature pedestal height rapidly grows, slowing down towards the end of the ELM
cycle and for the mixed Type /1l pulse the temperature pedestal height saturates. The
density pedestal height, for both pulses, increases throughout the ELM cycle. Overall
the pedestal pressure increases, for both pulses, during the ELM cycle. The pure
Type | pulse is at relatively high temperature and low density in comparison to the

mixed Type I/11 pulse.
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Figure 13. Evolution of a) temperature and density pedestal width, and b)

temperature and density pedestal height for low (blue) and high (red) fuelling pulses.

Identical to Figure 10, there are three isobars indicated by black dashed lines. pc is

the central isobar. The lower isobar, p. is a 20% decrease with respect to pc and the

upper isobar, py a 20% increase, also with respect to pc.

Figure 14a and b show the pressure profiles determined from the temperature and

density mtanh fits corresponding to 0-10%, 10-40%, 40-70% and 70-99% of the ELM

cycle. Figure 14c and d show the derivative of these pressure profiles with respect to

the mid-plane radius. Figure 14 focuses on the two pulses considered throughout this

paper. Figure 14a and c corresponds to the pure Type | pulse. Figure 14b and d

corresponds to the mixed Type I/11 pulse. The trends shown by Figure 13 can also

been seen in Figure 14.

The pressure pedestal for the pure Type | pulse narrows during the ELM cycle, as

clearly seen in Figure 14c. This is consistent with Figure 13a. The peak pressure

gradient does not saturate during the ELM cycle. The position of the peak pressure

gradient shifts radially outwards by ~1.5cm during the ELM cycle suggesting the

entire pedestal also moves radially outwards.
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Disregarding the profile for the initial 0-10% of the ELM cycle, the pressure pedestal
width is relatively constant for the mixed Type /1l pulse, see Figure 14d. Once again
this is consistent with Figure 13a. The peak pressure gradient increases from 10-40%
to 40-70% and then remains constant from 40-70% to 70-99%. The lack of variation
in peak pressure gradient position suggests a minimal shift in pedestal position during

the ELM cycle.

The evolution of the pedestal, as described above, can be compared to observations on
other devices. At DIII-D a widening of the electron density, temperature and pressure
pedestal during the ELM cycle was observed in plasmas with the so-called ITER
baseline shape [27, 51]. This widening is consistent with a combined Kinetic
Ballooning (KB) and PB model where the pedestal width increases during the ELM
cycle following a KB gradient limit, until the ELM is triggered when the PB limit is
reached [52]. Similar observations were found in MAST where there is also a
widening of the pressure pedestal in between ELMs [28, 29]. The extent of the
barrier is again found to be limited by KB modes and this was confirmed by local

gyrokinetic analysis.

However, in the cases studied here, the inter-ELM evolution of the JET pedestal is
different from that typically observed in other tokamaks such as DIII-D and MAST.
In the analysis presented above the JET H-mode pedestal width narrows or saturates
during the ELM cycle. The difference in the dynamics between MAST and JET is

further discussed in [53].
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Figure 14. a, b) Pressure profiles and c, d) derivative of pressure profiles
corresponding to 0-10% (red), 10-40% (blue), 40-70% (green) and 70-99% (orange)

of the ELM cycle for a, c) pure Type | and b, d) mixed Type I/11 JET pulses.
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5. Comparison with models

5.1. Pedestal stability analysis

Figure 15 shows the result of the PB stability analysis performed by MISHKA-1; an
ideal MHD eigenvalue solver [30]. A detailed description of the analysis process is
provided by [42]. To summarise, the input is a pressure profile calculated from the
temperature and density mtanh fits, discussed in the previous section. The radial
position of the profile is corrected such that the separatrix temperature is ~ 100eV, i.e.
consistent with the two-point model for the power balance at the separatrix. The edge
bootstrap current is calculated using the expression provided by [54] and the plasma
equilibrium is self consistently calculated with the HELENA equilibrium solver [55].
The output, see Figure 15, is an operational point and a corresponding stability
boundary in terms of the edge current (Jsep) and the dimensionless maximum pressure
gradient (omax) [56]. Both these parameters, if large, drive a plasma to be unstable
with respect to ELMs. Figure 15a and 15b show operational points representing the

state of a plasma during the ELM cycle for the pure Type | and mixed Type I/l pulses

in Figure 8.

1483

1.4
Y 70-99%
1.2 | F40-70% 1.2
e 10-40% ’
&E 0-10% ‘?
3z 10 z 1.0
=3 =
] 08 § 08
A—e— A—e—
= =
06 0.6
B $
"3
04 0.4 %
! ! ! ! ! ! 19
2 4 6 2 4 6
Omax Omax

Page 33 of 58



M. Leyland

Figure 15. Stability analysis for a) pure Type | (JPN: 79498) and b) mixed Type I/11
(JPN: 79503) pulse. Analysis performed by MISHKA-1, using mtanh fits to HRTS T,

and ne profiles as an input.

The blue region is stable, the red region is unstable and the black dashed line indicates
the stability boundary (y=0.03w,). The proximity of the point to the stability
boundary indicates the stability of the plasma edge at the time corresponding to the
input profile. The location of the stability boundary depends on the pedestal width

therefore the stability boundary is re-calculated for each input profile.

Figure 15a and 15b show the stability boundary and operational point corresponding
to the plasma state at the last 70-99% of the ELM cycle. The operational points for O-
10%, 10-40% and 40-70% have been also overlaid to give an indication of relative
stability during the ELM cycle but the boundary strictly only applies to the 70-99%
data point, the black star. The proximity of each operational point to its true boundary
has been preserved by scaling the position of the operational point relative to the 70-

99% boundary.

The pure Type | pulse becomes progressively more unstable during the ELM cycle, as
expected from the pedestal evolution shown by Figure 13 and 14. The pre-ELM
operational point for the pure Type | pulse is over the stability boundary, in the
unstable region. The operational point for the mixed Type I/11 pulse initially evolves
towards the stability boundary until the last 40-70% and 70-99% of the ELM cycle.

These two operational points are similar due to near identical input profiles provided
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to the code. The pure Type | and mixed Type I/11 pulses are both most unstable to the

n = 15 mode.

A sensitivity analysis has been performed to quantify the uncertainties. Variations in
the input to MISHKA-1 have been implemented for the point corresponding to the

last 70-99% of the pure Type | pulse, as shown by Figure 16.

G2 e MAIM]
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o IMAM?]

<j o>

Figure 16. Variation in PB stability analysis when a) applying an inward shift of
0.5% in poloidal flux, b) using Z¢ = 1 and ¢) matching the core and pedestal ion
temperature (T;) gradient. The operation point corresponds to the last 70-99% of the

ELM cycle for the pure Type | pulse (JPN: 79498).

The largest deviation from the 70-99% operational point for the pure Type | pulse, the

black star shown by Figure 15a, is due to a 0.5% shift in normalised flux of the
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pressure profile. Figure 16a shows both the stability boundary and operational point
have shifted closer together and therefore the plasma is not as deeply unstable. Also

the operational point is on the ballooning boundary rather than the PB corner.

The total pressure profile, an input to MISHKA-1, is dependent on the effective

atomic charge (Zes) through the ion density, see Equation (4).

p = neTe + r]i (ne ! Zeff )TI (4)

Consequently any variation in Zg would influence the PB stability analysis.
Experimentally in hydrogenic plasmas Z is found to be ~ 2 due to impurities.
Figure 16b shows there is a minimal change in the position of the operational point

when Zes is set to 1.

The results presented by Figure 15 all assume the ion temperature is equivalent to the
electron temperature (T; = T¢). This is not always the case, particularly in a low
collisionality, highly NBI fuelled plasma. T; can be constrained by matching the core
and edge temperature gradient. The resulting flat ion temperature profile has a
minimal effect on the stability analysis, see Figure 16c. The operational point moves

marginally towards the ballooning region at low Js, and high a.

To summarise, when quantifying the sensitivity of the PB stability analysis, a shift in
normalised poloidal flux (0.5%) of the pressure profile resulted in the only significant
deviation of the operational point. The operational point for the pure Type I pulse, for

70-99% of the ELM cycle, is still at critical stability. The physical interpretation of
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the stability analysis has not changed due to the sensitivity analysis. The variation in

Zq and matching core and edge T; gradient both result in minor deviations.

As shown by Figure 11 and 12, the mixed Type I/11 pulse has a wider pedestal and is
able to reach a higher pedestal pressure. In the context of PB theory there are two
competing factors influencing the achievable pedestal pressure with respect to a
variation in pedestal width. First, a wider pressure pedestal results in a lowering of
the PB stability boundary due to PB modes becoming more unstable at lower pressure
gradient. However, for a comparable pressure gradient, a wider pedestal can still
result in an increased pedestal height. As the mixed I/11 pulses from the new JET
fuelling database reach a higher pressure when the pedestal widens this suggests the

lowering of the stability limit is not the dominating factor.

5.2. EPED Comparison

The EPED model is designed to predict the pressure pedestal structure. The inputs to
the model are eight scalar parameters, By(T) the toroidal magnetic field, 1,(MA) the
plasma current, R(m) the major radius, a(m) the minor radius, 6 the triangularity ,
the elongation, ne,ped(lolgm'3) the pedestal density and B giobal the global Troyon
normalised 3. EPED assumes the pedestal pressure will rise until constrained by the
onset of two key instabilities, PB modes and KB modes. These instabilities provide
two calculable constraints which when combined can be solved for the two

unknowns, the pedestal height and width [12-14, 57].
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The PB stability boundary is evaluated by calculating the growth rate of intermediate
toroidal mode numbers typically in the range of n ~ 3-30. This can be achieved using
an ideal MHD code which in the context of EPED is generally ELITE [58, 59]. The
PB stability boundary defines the maximum achievable pedestal height as a function
of pedestal width which is assumed to be the same for both density and temperature.
The PB calculation presented in the previous section relies on the experimental
profiles to define the pedestal width, whereas for a predictive model a second

condition is required, as provided by the onset of KB modes.

KB modes limit the pressure gradient within the edge barrier, in an approximately
local sense. The pedestal can grow consistently with the KB modes until reaching the
PB limit at which point an ELM is triggered. The KB constraint is based upon the
premise of strong KB mode turbulence, which when integrated across the entire edge
barrier, results in a relationship between the pressure pedestal width in normalised
poloidal flux (A) and the pedestal poloidal normalised pressure (Bporped). In the

simplified EPED1 model, this constraint takes the simple form,

AE}é(AnE +ATE)=C1'vﬂpol,ped (5)

where c; is determined empirically to be 0.076 [12]. The full EPED1.62 model has a
more sophisticated implementation of the KB constraint as detailed in [14]. In
EPED1.62 c, is calculated directly using the Ballooning Critical Pedestal (BCP)
technique which treats c; as a weakly varying function of parameters such as
collisionality (v*) and aspect ratio (g) [14]. The calculated values of c; are generally

found to be in the range 0.06-0.09 for medium aspect ratio tokamaks. The poloidal
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pedestal beta (Bpolped) Can be calculated from measurements from a specific pulse

using the expression given by e.g [20],

pped _ pped _ 2C2 pped
Blfol/z/lo (ﬂoIP/C)Z/zﬂo Holp®

ﬂpol,ped = (6)

Where pped is the plasma pressure in Pa, B is the magnetic field strength in T, I, is the

plasma current in A and C is the plasma circumference in m.

In Equation (5) the average of the temperature and density pedestal width is used to
define the total pedestal width. Experimental observations supporting the pedestal
width scaling with the square root of the poloidal pedestal beta have been shown on a
number of devices. On DIII-D, as suggested by regression analysis [15], the electron
pressure pedestal width measured in real space scales with (Bporpea)”> [21].
Furthermore the average of the electron temperature and electron density pedestal
width in normalized poloidal flux, as used to define the pedestal width within the
EPED model, also scales with ([3pc,|,ped)0'5 [12, 22]. A multi machine database
incorporating data from AUG, DIII-D and JET shows the electron temperature width
measured in real space scales with (Bpo|,ped)°'5 but the electron density width does not
[23]. Interms of the mean pedestal width on AUG, it again scales with (BpOMC,ed)O'5 but
only in normalized poloidal flux space and not real space [20]. Although after the
inclusion of DIII-D and JET data in another multi machine comparison the mean
pedestal width in real space could be considered to scale with (Bp(,.,ped)o"r’ [20]. Other
studies which support the pedestal width scaling with (Bp0|,ped)°'5 include [18, 24, 25],

which present results from JT-60U as well as spherical Tokamaks such as MAST and
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NSTX. Itis important to note the constant c; for spherical machines is higher than

medium aspect ratio tokamaks, for example for NSTX ¢;=0.17 [25].

The pedestal predictions from two versions of the EPED model, EPED1 and
EPED1.62, are presented in this section. For the new fuelling database c; ranges
between 0.072 and 0.078 with an average of 0.076. This is in good agreement with
the value of c; used in EPED1. The average ratio of predicted to observed pedestal

width is 1.01+0.23 for EPED1 and 1.00+0.20 for EPED1.62. Figure 17 shows a

comparison of the \/Bpm,ped scaling relationship embedded in EPED1 (black dashed
line) and EPED1.62 (blue shaded region) to the experimental measurements (orange
and green points). The measured pedestal width increases with increasing measured
Bpolped 1IN agreement with the \/Bpohped scaling however the broadening of the pedestal
width is stronger than expected. Figure 17 also shows the EPED1 pedestal width
predictions (black diamonds) as a function of predicted Bpoiped. FOr the three high
resolution pulses in the database a grey line connects the measurement and EPED
prediction data points. This highlights that EPED over predicts Bporped (and
consequently A) at low fuelling for the pure Type | pulse whereas at high fuelling for
the mixed Type I/11 pulse EPED under predicts Bpoiped. This is discussed further

below when comparing the observed and predicted pedestal pressure.
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Figure 17. Experimental measurements of pedestal width as a function of measured
Prolped (Orange and green points) in comparison to \/ﬁpm,ped scaling relationship
embedded in EPED1 (black dashed line) and EPED1.62 (blue shaded region). The
blue shaded region reflects the variation in c; as calculated using the BCP method.
The EPEDL predictions of pedestal width (black diamonds) are shown as a function
of predicted Sl ped Where the predictions for the three high resolution pulses have

been matched up to the corresponding experimental measurements (grey line).

The EPED1 model has previously been compared to a large dataset of low and high
triangularity baseline and hybrid discharges on JET [20, 52, 60]. These previous
studies have found good statistical agreement with the model, with the average ratio

of predicted to observed pedestal pressure of 0.97+0.21. These previous

comparisons are shown, along with a comparison to the new fuelling database in
Figure 18a. Figure 18b shows both the EPED1 (open red circles) and EPED1.62
(closed green diamonds) pedestal pressure predictions and the measured pedestal
pressure (closed blue triangles) as a function of pedestal density for all Type | ELMy
H-mode pulses within the new fuelling database. Again on average there is a good

agreement between EPED predictions and the measurements as the average ratio of
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predicted to observed pedestal pressure in the new fuelling database is 1.04+0.22 for
EPED1 and 1.04+0.19 for EPED1.62. However, when presented as a function of

pedestal density this highlights a systematic trend within the data. For this range of
density, EPED1 and EPED1.62 both show a decrease in pedestal pressure as pedestal

density increases whereas the experimental measurements show an increase.

(a) v JET new fuelling database /_..-/"'/ (b) v Pped, JET
25~ © JET Hybrid 24— o © Pped, EPED1
JET Baseline » ___,.--'/ e * Pped, EPED1.82
20~ ' o ¢
200 -, v_.-¥

15~
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EPED1 Predicted pedastal height (kPa) Ng pea/Naw

Figure 18. (a) Measured JET pedestal pressure is compared to EPED1 predictions
for the new fuelling database (closed blue triangles), as well as previously studied
hybrid (red circles) and baseline (green asterisks) cases. (b) For all Type | ELM
pulses within the new fuelling database, measured JET pedestal pressure (closed blue
triangles), EPED1 predictions (open red circles) and EPED1.62 predictions (closed
green diamonds) are shown as a function of pedestal density normalized to

Greenwald density.

More generally, for high triangularity discharges such as those in the new fuelling

database, EPED predicts a pedestal pressure that first increases, and then decreases
with density [12, 61]. We illustrate this by taking the EPED input parameters from
discharge 79498, varying the pedestal density, and calculating the EPED predicted
pedestal pressure as a function of density. As the pedestal density is increased, this

results in an increasing collisionality at a given pressure. The resulting collisional
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suppression of the bootstrap current eventually leads to a transition from the
kink/peeling limited regime (where EPED predicted pressure increases with density)
to the primarily ballooning-limited regime (where EPED predicted pressure decreases
weakly with density), as shown in Figure 19a. We can define a critical density at
which this transition occurs, here nepeqei~ 6x10™° m™. The corresponding EPED
predicted pedestal pressure as a function of normalized density is shown in Figure
19b. The solid line shows the prediction for Z4=1.92, the nominal value for 79498.
Because the transition shown in Figure 19a is related to collision suppression of the
bootstrap current, it correlates not just to density, but also to Zes. Reducing Zeg from
1.92 to 1 (dashed line in Figure 19b) results in an increase of the critical density up to
a Greenwald fraction near 1. It appears that, at higher pedestal density, EPED maybe
under predicting the observed pedestal height due to under predicting the critical
density at which the PB stability changes character from kink/peeling to PB limited.
If the strong deuterium fuelling near the edge used to reach high density is reducing
the value of Ze within the edge barrier, this could provide an explanation for the
continued increase in pedestal pressure with density. Other possible explanations are
under further investigation, including more accurate accounting of the impact of ion
dilution and impurities on the bootstrap current. It is also important to note that
strictly speaking the EPED model was designed for pure Type | ELMy H-mode
plasmas. Consequently it may not be appropriate to perform an EPED comparison for
all pulses within the new fuelling database. We note that if resistive effects or an
effect associated with Type |1 ELMs were able to hold the pressure gradient slightly
below the KB critical value, this would result in a prediction of a somewhat wider and

higher pedestal [52, 53], which would be qualitatively consistent with observations.
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Figure 19. (a) Peeling-ballooning stability diagram, where pedestal density in units of
10" m* is indicated by various symbols along the stability boundary (solid line). As
density increases, the limiting instability moves from kink/peeling to peeling-
ballooning to nearly pure ballooning modes. (b) EPEDL1 predicted pedestal pressure
as a function of density is shown for the same cases as in (a). Predictions are shown
both for Z.s=1.92 (solid line) and Z.+=1 (dashed line). Measured values (solid

triangles) are shown for comparison.
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6. Discussion and Conclusions

The focus of this paper is a new JET database detailing the pedestal structure and
pedestal evolution for ITER relevant, high triangularity, Type | ELMy H-mode
plasmas. This study extends [1], exploiting improvements in diagnostic capabilities,
primarily due to the installation of the JET High Resolution Thomson Scattering

(HRTS) system in 2005, which measures T, and n. pedestal profiles.

The plasmas detailed are single null, neutral beam heated and gas fuelled with an
average plasma triangularity of ~ 0.41. There is minimal degradation of plasma
performance up to Nepea/New ~ 1.0. In the past maintaining good performance at high
fuelling has been difficult although, as shown by the new database and [1], it is
possible with a large degree of plasma shaping. Further still at high fuelling (I'p =
2.6x10%%l/s), corresponding to a normalised pedestal density Neped/New ~ 1.0, the
performance increases as shown by both Hgg and the stored thermal energy. This is

due to an increase in pedestal performance, as shown by the pedestal stored energy.

A mixed Type I/l ELM regime, as originally observed by [1], has been re-established
on JET where there is an increased loss between the Type | ELMs. Similar to 2002
study the Type | ELM frequency decreases with increasing pedestal density. This is
due to the increased inter-ELM loss at higher pedestal density prolonging the build up
towards the critical pressure as supported by a difference in the build up of stored
energy between a low and high fuelling pulse. Another factor which could influence
the ELM frequency, the proximity to the LH threshold, is shown to be constant across

the fuelling scan.
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Further to [1], this study quantifies the pedestal characteristics throughout the ELM
cycle by an mtanh least squares fit to HRTS T, and n. profiles. The change in
pedestal structure has been verified by a linear least squares fitting routine and
although the obtained widths differ in comparison to the mtanh fits the data trends are
similar. The pre-ELM temperature, density and pressure pedestal are wider for an
example mixed Type I/1l ELMy pulse at high fuelling in comparison to a pure Type |
ELMy pulse. Also the pre-ELM pedestal pressure is higher for the mixed Type /11
pulse. The pedestal width for the pure Type | ELMy pulse narrows and the peak
pressure gradient increases during the ELM cycle, whereas the width and peak
pressure gradient saturate for the mixed Type I/l ELMy pulse. The fits to the HRTS

profiles act as an input to the stability and predictive pressure pedestal models.

The PB stability analysis produced by MISHKA-1 shows the plasma edge stability for
the mixed Type I/I1 ELMy pulse moves from stable towards unstable, approaching the
ideal ballooning limit of the PB stability boundary. The plasma edge stability
saturates towards the last 60% of the ELM cycle with the pre-ELM operational point
located on the stability boundary. In contrast the plasma edge stability for the pure
Type | ELMy pulse becomes progressively more unstable during the ELM cycle as
the operational point also approaches the ideal ballooning limit of the stability
boundary. The pre-ELM operational point for the pure Type | ELMy pulse is over the
stability boundary, deep into the unstable region. A deconvolution technique is used
to determine the temperature and density pedestal widths from the HRTS profiles.
This technique assumes the profiles are truly mtanh and is the current leading method

of interpreting the JET HRTS profiles. However, the pre-ELM pedestal width for the
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pure Type | ELM pulse is particularly narrow and approaches the FWHM of the JET
HRTS instrument function (11mm for the two pulses shown in Figure 8). This may
result in an underestimate of the pedestal width, which is particularly prominent for
the temperature pedestal fit as a weighted deconvolution technique is employed [35].
As the systematic errors are difficult to quantify a complete understanding for the pre-
ELM operational point being so deeply in the unstable region for the pure Type |

ELMy pulse is yet to be attained.

EPED, based on a combined PB and KB model, predicts the pre-ELM pedestal
pressure and width. On average there is good agreement between the model results
and the experimental pre-ELM measurements where the average ratio of predicted

pedestal height to observed pedestal height is 1.04+0.22 and the average ratio of
predicted pedestal width to observed pedestal width is 1.01+0.23. This spread is

within the range of EPED predictive accuracy as observed in a wider multi machine
comparison [20, 52, 53, 60]. However the JET results do show a number of

differences in comparison to studies on other machines.

The EPED model allows the pressure pedestal width and height to grow
unconstrained until the onset of KB modes and PB modes. EPED assumes KB modes
limit the pressure gradient in the near steady state at the end of the ELM cycle. For
the pedestal height to increase when limited by KB modes the pedestal must widen so
as not to exceed the critical pressure gradient. This behaviour is typically observed on
DIII-D [27, 51], and MAST [28, 29] throughout the ELM cycle which suggests the
pressure gradient is limited by KB modes early on in the ELM cycle. In contrast, the

observation that the JET pedestal width becomes narrower during the ELM cycle for
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the low fuelling pulse (and for the high fuelling pulse in the initial phase of the ELM
cycle) suggests that the pressure gradient may not approach KB mode criticality until
the latter part of the ELM cycle. This behaviour is still consistent with the EPED
premise as long as KB modes do eventually limit the pressure gradient towards the
end of the ELM cycle. This is a topic of further research as discussed in [53] which
presents a detailed gyrokinetic analysis of the pure Type | ELM and mixed Type I/II
ELM pulses presented in this paper. Nevertheless EPED predicts the JET pedestal

height within a 20% error.

A discrepancy between the EPED and experiment observations is the pre-ELM
pedestal width as predicted by EPED does not vary as strongly as observed in the new
JET fuelling scan. The experimental pre-ELM profile widths from the mtanh fits are
Ane=1.5+/-0.1cm and At = 1.9+/-0.1cm for a low fuelling plasma and Ane = 2.1 +/-
0.1cm and At = 2.9+/-0.1cm for a high fuelling plasma. This corresponds to an
increase, in real space, of 40% for the density pedestal width and 53% for the
temperature pedestal width from the pure Type I to mixed Type I/1l ELMy pulse.
Using the expression A = (Ate + Ane)/2 and converting to normalised poloidal flux
coordinates () the experimental measurements show an increase in pedestal width
from Ay = 0.034 to Ay = 0.053 corresponding to an increase of ~ 55% going from low
to high fuelling. Moreover the experimental pre-ELM pressure pedestal height
increases by ~ 20% for a high fuelling pulse in comparison to low fuelling pulse. The
wider pre-ELM pedestal found for the mixed Type I/l ELMy pulse in comparison to
the pure Type | ELMYy pulse facilitates an increase in pedestal pressure as the steep
edge gradient can be sustained over a larger region. This is in spite of a 21%

reduction of the peak pressure gradient. In contrast EPED, given the eight scalar
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input parameters (B, Ip, R, @, 8, K, Neped aNd P giobar), Predicts a decrease of 25% in
pedestal pressure and a decrease in pedestal width of 20% in poloidal flux space going
from the pure Type I to mixed Type I/1l ELMy pulse. The disagreement between
experiment and EPED has two possible explanations. First if we speculate EPED,
like MISHKA-1, under-predicts the critical density, which marks the transition from
kink-peeling to ballooning limited plasmas, this will account for opposing trends in
pedestal pressure. The critical density is a strong function of Z, plasma shape and is
strongly dependent on the accuracy of neoclassical bootstrap current models. Second,
the stronger broadening of the experimental pedestal width than predicted by EPED is
an indication that other transport related processes contribute to defining the pedestal
width such as enhanced inter-ELM transport as observed at high fuelling, for mixed

Type I/11 ELMy pulses.
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