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Abstract.

Recent studies [1, 2] have shown that on JET with the Be/W ITER-like wall (JET-
ILW) in high 8 discharges with high Dy gas rates the inter-ELM temperature pedestal
growth is saturated half way through the ELM cycle, leading to plasmas with reduced
confinement, and that the linear MHD stability of these pedestals is inconsistent with
the Peeling-Ballooning paradigm [3, 4]. In this paper, the inter-ELM evolution of the
edge current density is investigated in a wide range of type I ELMy H-modes on JET-
ILW. It is found that in discharges at low gas rate the peak edge bootstrap current
continuously increases until the ELM crash, while it saturates during the ELM cycle
at high gas rates. The effect of current diffusion on the build-up of the edge current
inter-ELM is assessed by simulating the Ohmic current contribution with the JETTO
transport code. The simulations indicate that current diffusion contributes little to the
time evolution of the total edge current in the second half of the ELM cycle and the
total current is dominated by the bootstrap current. Therefore, current diffusion does
not explain why JET-ILW type I ELMy pedestals at high gas rate and high Sy are
found to be stable to Peeling-Ballooning modes.

Keywords: H-mode, pedestal, ELMs, edge current, bootstrap current, current diffusion,

JET-ILW
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1. Introduction

In a high confinement mode (H-mode) [5] tokamak plasma the energy and particle
transport at the edge is reduced and a narrow region with steep pressure gradient is
formed, called the pedestal. Optimising pedestal confinement is beneficial for fusion
performance as high pedestal pressure leads to higher core pressure [6]. However, the
steep pressure gradient in the pedestal can trigger Edge Localised Modes (ELMs) which
are periodic instabilities of the plasma edge [7], followed by a transient loss of energy and
particles. Consequently, ELMs lead to high heat loads on the plasma facing components
and the resulting damage is a major concern in large scale devices. Thus, understanding
the physical processes governing the behaviour of the pedestal is crucial in order to
predict and optimise the plasma performance in future devices such as ITER [8].

A well-known theory which appears to explain the stability conditions in the
pedestal is the peeling-ballooning (P-B) model [3, 4]. According to this model, the edge
pressure gradient and current density drive coupled P-B modes unstable, which trigger
a type I ELM. The main drive for the ballooning modes is the pressure gradient, while
the current density can stabilise ballooning modes through reduced magnetic shear. The
current density can also drive peeling modes unstable and in the pedestal it is typically
dominated by the bootstrap current [9], which can be efficiently driven by the steep
pressure gradient. The EPED model [10, 11] is capable to give predictions for both
the height and the width of the pedestal by combining the stability of P-B modes and
Kinetic Ballooning Modes (KBMs). It assumes that the edge pressure gradient is locally
constrained by KBMs in the inter-ELM cycle, and the pedestal width can further evolve
(with a limited gradient), until the P-B mode is triggered. This, in most cases, leads to
the crash and the pedestal collapses.

A recent study has shown that the pedestal stability in JET with the Be/W ITER-
like wall (JET-ILW) is consistent with the P-B model in discharges with low D, gas
rates, while, at high gas rates and high [, pre-ELM pedestals are found to be stable
to P-B modes, although type I ELMs occur experimentally [1]. Note that, high Dy
gas rates are required in JET-ILW to increase the ELM frequency in order to achieve
core tungsten control over longer time scales [12]. Furthermore, at high gas rates, the
inter-ELM temperature pedestal growth is saturated half way through the ELM cycle
leading to plasmas with reduced confinement [2].

Saturation of the temperature and its gradient prior to the ELM crash has also
been observed on ASDEX-Upgrade [13, 14], DIII-D [15] and on C-mod [16], although
the dependence of the saturation on the fuelling gas rate is not discussed in these
studies. These reports have also found that the recovery time of the density pedestal is
generally shorter than that of the temperature pedestal. Furthermore, the saturation of
the temperature gradient is correlated with the onset of quasi-coherent fluctuations,
implying that these fluctuations may play a role in regulating the edge transport.
Possible explanations for the delay of the ELM crash when the pedestal evolution is
saturated are also considered. The report on DIII-D pedestals [15] argues that quasi-
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coherent fluctuations limit and saturate the pedestal gradient, but allow the width
and height to possibly further increase. However, experimental data where both the
density and temperature heights and gradients are saturated is also presented, leaving
the question of the ELM crash delay open. A recent study on ASDEX-Upgrade pedestals
shows that the total stored energy increases while the pedestal parameters are saturated,
possibly causing stabilisation of P-B modes and delaying the ELM crash [14]. A time
lag in the build-up of the total edge current with respect to the pressure gradient due
to current diffusion could also be responsible for the delay of the ELM crash. This
possibility has been investigated on ASDEX-Upgrade [13, 17], showing that the current
diffusion only plays a minor role in the edge of ASDEX-Upgrade H-mode plasmas.

In order to try and understand the origin of the contradiction between the pedestals
stable to P-B modes and the experimentally observed type I ELMs on JET-ILW, in
this paper we study the time evolution of the edge current during the ELM cycle,
investigating both the edge bootstrap current density profile (jgs) and the Ohmic
component (jom). A similar approach is taken as in [13, 17] for ASDEX-Upgrade,
but this investigation accounts for pedestals at higher temperature, where potentially
the effect of current diffusion is more dominant due to the higher plasma conductivity.

The measurement of the edge current density is very challenging, and to date there
is no available diagnostic for this purpose on JET. Thus, in this paper we calculate the
bootstrap current with the local neoclassical code NEO [18, 19], and we account for the
Ohmic contribution to the total current, by solving the current diffusion equation in the
plasma. For this analysis the JETTO [20] transport code has been utilised to consider a
realistic geometry. Consecutive ELM cycles are simulated in order to examine the effect
of current diffusion on the inter-ELM edge current profile evolution in circumstances
where any transients introduced by the initial condition are relaxed.

The paper is organised as follows. In section 2 we describe the method used to
calculate the edge bootstrap current in JET-ILW H-modes. The inter-ELM evolution
of the edge bootstrap current is studied in section 3. Section 4 analyses the effect of
current diffusion on the evolution of the edge current inter-ELM for a range of JET-ILW
pedestal collisionalities. Summary and conclusions are presented in section 5.

2. Edge bootstrap current density profile

In the steep pressure gradient region at the edge of H-mode plasmas, the current density
is usually dominated by the bootstrap current. In the present section only the bootstrap
current is considered and the effect of the Ohmic current on the inter-ELM evolution
of the total edge current is discussed in section 4. The bootstrap current is parallel
to the magnetic field and is driven by the radial pressure gradient. As the bootstrap
current is associated with the existence of trapped particles, it strongly depends on the
collisionality. Trapped particles which are scattered into passing orbits before completing
their banana orbits do not contribute to the bootstrap current.
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In this paper the bootstrap current density is computed from first principles
with the local neoclassical transport code NEO [18, 19], which solves the drift-kinetic
equation with a full linearized Fokker-Planck collision operator including all inter-species
collisions. This approach provides a more accurate estimation of the bootstrap current
than the widely used Sauter-formula [21, 22|, especially at high collisionality, where the
Sauter-formula has been shown to overestimate the bootstrap current by up to 100 %
compared to NEO for JET-ILW pedestals [1]. The parallel bootstrap current density
(jBs) and the parallel component of the total current density (jio) profiles in this paper
are expressed in the form of a flux surface average:

o =I5B i, - G B) )
where B is the magnetic field and B,y is the magnetic field on axis.

The inputs for NEO are the EFIT plasma equilibrium, the electron (7,) and
ion (7;) temperatures and the electron (n.) and ion density (n;) profiles. The
kinetic profiles are obtained by fitting the electron kinetic profiles from the high
resolution Thomson scattering (HRTS) measurements, assuming equal electron and
ion temperatures (consistent with charge exchange measurements at the pedestal top),
constant line averaged Z.s measured by Visible Bremsstrahlung and Be as the intrinsic
impurity.

The HRT'S profiles collected from a steady time window of the discharge are ELM-
synchronised to improve signal statistics [23, 24]. In order to track the time dependent
evolution of jgg during the ELM cycle, the ELM cycle is divided into 20 % long intervals,
as shown in figure la. 100 % corresponds to the onset of the ELM crash and 0 %
corresponds to the ELM crash of the preceding ELM cycle. Thus, the 0-20 % interval
is excluded from the analysis as the profiles in this interval are often dominated by the
particular dynamics of each ELM crash. Composite profiles are taken from each 20 %
bin and a modified tanh function [25] is fitted to both the electron temperature and
density profiles.
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Figure 1. (a) The ELM cycle is normalised to a relative time scale (from 0 % to 100
%) and divided into 20 % long intervals. The ELM marker is the Be IT (A = 527 nm)
photon flux measured at the inner divertor. (b) and (c) The n. and T, experimental
data for the 20-40 % and 80-99 % intervals in #84794.
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Examples of fitted n. and T, profiles derived from composite HRTS measurements
are shown in figure 2a and 2b, respectively, for JET-ILW discharge #84794 (1.4 MA /1.7
T, input power Py ~ 16 MW, average triangularity 6 = 0.27, injected gas rate
I'p = 2.8-10% e/s) for the four inter-ELM intervals from 20-40 % to 80-99 %. The
n. and T, experimental data for the 20-40 % and 80-99 % intervals in figure 1b and
¢ show that the observed difference in the fitted profiles is beyond any experimental
uncertainty, as seen in the scatter in the data points. Figure 2¢ shows the inter-ELM
evolution of the edge electron pressure gradient. In this discharge the peak pressure
gradient continuously increases during the inter-ELM cycle as typically observed at low
gas rates. The inter-ELM evolution of the jgg profile is shown in figure 2d, showing a
similar time evolution to that of the pressure gradient, as expected.
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Figure 2. Time evolution of (a) the edge electron density (n.); (b) the edge electron
temperature (T.); (c) the edge electron pressure gradient (Vp.) and (d) the edge
bootstrap current density (jpg) profiles in the inter-ELM cycle of pulse #84794,
evaluated for the four intervals: 20-40 %, 40-60 %, 60-80 %, 80-99 % of the total
ELM cycle.

The sensitivity of the jpg profiles to the uncertainties of the input parameters n.,
T, and Z.g, has been investigated. For this purpose, “modulated” n. and T, profiles
were constructed, whereby each fitted parameter of the mtanh function (width, height,
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position and slope) was substituted with a Gaussian random number. The mean and
variance of the Gaussian random numbers are given by the mean and variance of the
parameter estimates of the mtanh fit. For each case, the jpg profile calculation with
NEO is then repeated several times (~ 50) using as input the different “modulated”
profiles. The line averaged Z.g is varied within the experimental uncertainty of 10 %.
The result of the sensitivity analysis is shown in figure 3, where all three parameters
(ne, Te, Zeg) are modulated within their uncertainties. The percentile of the resulting
JBs profiles gives the 10,4 and 20,4 error bars where 0,4 is the standard deviation. The
error bars are visible in figure 3 in red and blue, respectively. Since all three parameters
(ne, Te, Zeg) were assumed to be independent in the uncertainty analysis, the resulting
error bars are somewhat overestimating the error. Systematic errors were not taken into
account in this analysis.

Tests where only one input parameter is “modulated” have shown that the
uncertainty in the calculated jpg is dominated by the uncertainty in the 7. profiles.
This is due to the fitted HRTS T, profiles having a larger uncertainty than the n,
profiles in the JET-ILW dataset analysed in this study. In the remainder of the paper
the 1oy, error bars are used as the uncertainty in the jgg profile.
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Figure 3. Edge jgg profile for pulse #84794 in the last 20 % of the ELM cycle (black)
and 1-054 (red) and 2-044 (blue) uncertainties, derived from the sensitivity analysis on
the jpg calculation to ne, T, and Z.g uncertainties.

3. Inter-ELM evolution of the edge bootstrap current

In JET-ILW type I ELMy H-modes at low D, gas rates the edge pressure gradient
continuously increases during the inter-ELM phase, until the ELM crash [2]. On the
other hand, at high D, gas fuelling rates and at high 3, the pressure edge gradient is
typically saturated in the second half of the ELM cycle and the pre-ELM pedestals have
been shown to be stable to P-B modes [1, 2]. In the latter cases, the global confinement
(Hos(y,2)) is lower than in pulses with low gas rates at the same input power, primarily
due to lower temperature pedestals. In this section the inter-ELM evolution of the edge
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bootstrap current is investigated and compared to the time evolution of the density,
temperature and pressure gradients in the ELM cycle.

We consider the set of type I ELMy H-mode discharges studied in [1, 2]. The
plasmas were at 1.4 MA/1.7 T, low triangularity (), Pewp = 4 — 14 MW (where
Py, is the power across the separatrix P, = Piv — dW/dt — Praapuk), gas rate:
Ip, = 2.8 — 18 - 10* e/s, normalised 3: By = 1.2 — 2.8 and ELM frequency:
feom = 12 — 120 Hz. In the experiment, at a given FPi,, the electron pressure at
the pedestal top (pe.prp [Pa] = 1.602 X n. ppp [107m™3] x T, ppp [eV], where 1.602
originates from the elementary charge as T is measured in eV) is reduced with increasing
gas rate mainly via a reduction in the pedestal temperature. The pedestal collisionality
(Ve pEp) is mainly driven by the variation in the pedestal temperature in the power and
gas scans [1] and varies between v, ppp = 0.3 — 4.5. Electron-ion collisionalities (v,)
presented in this paper are calculated using eq. (18b) in [21].

Figure 4 compares the inter-ELM evolution of jgg at different gas rates: at low
Pep = 4 MW (4a) and at high P, = 13 MW (4b). jpg is reduced at low power
due to the lower 7T, and thus higher v* compared to the high P, case. At “low” gas
injection (where the pre-ELM stability is consistent with the P-B model [1]), the peak
JBs continuously increases during the ELM cycle. This change in peak jpg is beyond
the uncertainties indicated with the 1o error bars. Conversely, at “medium” and “high”
gas rates the evolution of peak jpg is roughly constant throughout the second half of
the ELM cycle within the 1o error bars. This saturation of peak jgs during the ELM
cycle at high gas rate is observed both at low and high input power.
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Figure 4. Evolution of peak jgpg during the ELM cycle in type I ELMy H-modes at
low (2.8-10%! e/s), medium (8.4-10%! e/s) and high (18-10%! e/s) gas rates at constant
Psep: (a) lowest power and (b) highest power of the power and gas scans dataset.

It is interesting to compare the inter-ELM jgg evolution to that of the separate
drives of Vp,., namely the temperature and density gradients, as shown in figure 5, where
all values are normalised to the pre-ELM phase value. Figure 5 shows the evolution of
the peak of the edge jpg profile and the peak of the gradients, thus the radial location
the data corresponds to is changing in time. For all shots of the dataset, we observe that
peak jpg, peak Vp, and peak VT, always exhibit the same time evolution, regardless
of the Vn, inter-ELM evolution. Figure 5a shows the case of pulse #84794 where
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the pedestal v* is lowest in the scan: peak Vn,., peak VT, and peak Vp. all increase
during the ELM cycle. In figure 5b a higher v* case (#87342) is shown, where the
evolution of peak Vp, is saturated and closely follows the evolution of peak VT,, but
the evolution peak Vn, is different, with Vn, first increasing and then decreasing. This
latter behaviour is typical of the whole dataset, suggesting that the evolution of peak
Vp. is driven by the time evolution of peak VT..
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Figure 5. Inter-ELM evolution of peak jgps and peak of pe, ne, T. gradients at low
and high gas rates at Psop, = 13 MW. All values are normalised to the pre-ELM phase.
The error bars are shown only for peak jgg to avoid overcrowding of the plot, but all
data points have error bars of magnitude similar to those shown.

The dominant effect of the temperature gradient on jgs can be understood by
separately evaluating the Vn., and VT, terms of Vp, ~ n. V1, + T.Vn.. In JET-
ILW pedestals, the maximum VT, is typically located radially inwards of the maximum
Vn, [26, 27], as can be seen e.g. in figure 2 for pulse #84794. This relative radial shift
between T, and n. gradients leads to a smaller contribution of the 7,Vn, term to Vp,,
as the temperature is low where the density gradient peaks, explaining why the pressure
gradient is dominated by the n.VT, term. The ratio of n.VT,/T.Vn, is ~ 4 in the
dataset at the maximum Vp,.

For the study of the separate contributions from Vn., VT, and VT; to the bootstrap
current Sauter’s analytical formula [21, 22] is used instead of NEO. The NEO code
solves the drift-kinetic equation and its output is the particle distribution function, thus
it is not straightforward to extract information on the separate drives of the density
and temperature gradients. The Sauter formula is an analytical fit to the results of
neoclassical codes and it expresses the bootstrap current as a function of density and
temperature gradients, collisionality and parameters of the magnetic equilibrium. Due
to the approximate electron-ion collision operator used in the simulation and also due
to the simplified fitting formula used at high collision frequency it is less accurate at
higher electron collisionality [28]. However, it is assumed that it gives a good estimation
for the ratios between the different drives of jgg, especially at low collisionalities where
it has been shown to be in good agreement with the NEO results. The coefficients of
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Sauter’s formula were evaluated in the investigated pedestals:

-Sauter ](\IJ)p(\IJ) dln Te Oln Te
J]gs o= T B L3 U +-\Rp€(£3‘1r+ L3;) BT
coeff. of Vne coeff. of VT,
£34 (‘91nTZ
1—Rye)(14+ —a)L3 ——| , 2
+\( pe) ( +£3104) 311 BIT (2)
COBH.E VT;

where I(V) = RB;, Ry, = p./p and «, L31, L33, L34 are coefficients which can be
analytically computed from equations (13) through (18) in [21]. The coefficient of Vn,
is larger than the coefficient of VT, and V7 in the range of pedestal collisionalities
considered in this paper. Despite the higher coefficient for Vn,, the bootstrap current
is dominated by the VT, term of Sauter’s formula. The ratio of n., T, and T; drives
is approximately 1:3:1 in the dataset at the maximum Vp.. This result also implies
that (in case of local calculation of the bootstrap current) the error introduced by the
T, =T, = VT, = VT, approximation is not significant as the contribution from VT; to
the bootstrap current is small.

4. Effect of Ohmic current diffusion on the total edge current

JET-ILW pre-ELM pedestals at high gas rates and high § are stable to P-B modes,
indicating that additional physics may be required to explain the ELM trigger [1].
Furthermore, in high (3, high gas rate discharges both the pressure gradient [1, 2] and
the peak bootstrap current (see section 3) reach their steepest gradient well before the
ELM crash. Therefore, a possible explanation for the “delay” in the ELM crash could be
a time delay in the build up of the total edge current inter-ELM due to current diffusion
with respect to the inter-ELM recovery of density and temperature gradients (which
drive the bootstrap current recovery).

The bootstrap current profiles presented in section 3 are calculated from the
measured kinetic profiles assuming steady-state conditions. As a result, the time
evolution of jgg follows that of the pressure gradient. The effect of inter-ELM current
diffusion can be assessed by taking into account the contribution of the Ohmic current.
In [13] and [17], a simple model for current diffusion is used, which helps to understand
the dynamics of the edge current in the inter-ELM period. The model includes Ohm’s
law:

Jtot = 0E + JBs , (3)
where E is the electric field and o the plasma conductivity. In general, the second term
in eq. (3) includes any non-inductively driven current. Here, only the bootstrap current
is considered. Substituting Faraday’s law into eq. (3) gives a current diffusion equation:

3_E:l<v2E_Ea_O'_ast> 7 (4)

ot o\ o ot ot
where (i is the vacuum permeability and 0/0t is the time derivative. Eq. (4) shows

that an increase in bootstrap current (9jgs/0t) reduces the electric field in the pedestal
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build-up phase, such that the electric field opposes the build-up of the total current.
Any change in the electric field relaxes in a diffusive process (V2E/jio/0) on the resistive
timescale, which is proportional to the plasma conductivity.

In order to solve the current diffusion equation in realistic geometry, JETTO [20]
simulations were run within the JINTRAC framework [29]. JINTRAC is a set of linked
codes for the integrated simulation of all phases of a tokamak scenario, but here only
the JETTO part of the framework was used. The energy and particle transport were
not simulated in the JETTO runs: the simulations were run in predictive mode for the
current, and in interpretative mode for density and temperature. Since NEO is not
implemented in JETTO for the calculation of the bootstrap current, the neoclassical
code NCLASS [30] is used for this purpose. The difference between NEO and NCLASS
calculated bootstrap currents is less than 10 % in the investigated cases.

The input kinetic profiles for the JETTO runs are the same as those used for the
NEO calculations (see section 2). However, in order to enable JETTO to simulate the
inter-ELM evolution of the total current, the inter-ELM profiles have to be interpolated
on a finer time grid. In particular, the collapse of the profiles during the ELM crash
have to be included. Due to the relatively slow time resolution of the HRTS diagnostic
(20 ms), the short time scale of the ELM crash (< ms) cannot be resolved. Thus, the
temperature and density profile evolution during the ELM-crash is modelled by a simple,
linear interpolation in time between the pre-ELM and the post-ELM profiles. In order
to obtain a more realistic picture of the sudden change of the pedestal profiles at the
ELM crash, the timescale of the crash is estimated from the interferometry and electron
cyclotron emission (ECE) measurements, both equipped with higher time resolution
than HRTS (<1 ms for ECE and 1.5 ms for interferometry). An ECE channel located
close to the pedestal top and an interferometry line-of-sight through the plasma edge
are chosen. The duration of the ELM crash is evaluated by taking the time difference
between the maximum and minimum of these signals in the vicinity of the ELM crash.
ECE and interferometry are only used for this purpose, while the shape of the density
and temperature profiles rely solely on the HRTS measurements.

The effect of any long time-scale evolution in the plasma is eliminated by running the
JETTO simulations with steady (pre-ELM) profiles for 5 seconds. Following this period,
10 consecutive ELM cycles are simulated. This approach ensures that the simulation
reaches a dynamic equilibrium in which the ELM cycles become identical. Figure 6
illustrates the evolution of the electron pressure close to the pedestal top in the JETTO
simulations. In what follows, the results shown belong to the evolution of the last ELM
cycle of the sequence.

The fixed boundary equilibrium code ESCO [20] is used to calculate the equilibrium
by taking into account the steep pressure gradient at the plasma edge. The plasma
boundary is taken from EFIT. ESCO is run only at the very beginning of the simulation
to provide the grid on which the current diffusion equation is solved. In the later stage
of the simulation, the equilibrium is not self-consistently recalculated, only the current
density and ¢ profiles are evolved according to the redistribution of the current.
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Figure 6. Evolution of the electron pressure close to the pedestal top (pror = 0.9)
in the JETTO simulations. After 5 seconds of simulation time with steady kinetic
profiles, 10 consecutive ELM cycles are simulated. In what follows, the results shown
belong to the evolution of the last ELM cycle of the sequence, indicated with the red
shaded area. Some simulations were continued with fixed pre-ELM profiles to test the
diffusion term in eq. (4). This is indicated with the blue shaded area.

The boundary condition at the separatrix is a key element in the simulation.
However, it is challenging to determine the boundary condition experimentally on the
time scale of the ELM cycle, as the magnetic measurements are affected by slow data
acquisition and the screening of the vacuum vessel and other conducting structures. In
order to examine the effect of the choice of boundary condition on the edge current
density evolution, two options are tested here:

(i) the total plasma current is held constant,

(ii) the loop voltage is held constant.

It is expected that current diffusion could have a significant effect on the total
current build-up if the resistive timescale is comparable to the inter-ELM period.
Thus, in section 4.1 two extreme cases of JET-ILW pedestals at low [, (1.4 MA) are
investigated in detail: in the first case (pulse #84794), the pedestal collisionality is
Vipgp = 0.3, the ELM frequency is fpim =~ 35 Hz and the pedestal temperature is
Tepep =~ 0.9 keV, thus the conductivity is high and the resistive timescale is longer;
the second case is a higher collisionality (v} ppp =~ 0.9) pulse (#87342) with the highest
power in the high gas rate scan, with a colder pedestal, T, pgp ~ 0.6 keV, but much
higher ELM frequency, ferm =~ 120 Hz, thus the ELM period may be short enough to be
comparable to the resistive timescale. A connection to high I, JET plasmas are achieved
by analysing a baseline scenario pedestal obtained at I, = 3.0 MA. This is presented in
section 4.2, together with sensitivity calculations on the ELM duration and magnitude.
Section 4.3 discusses the impact of current diffusion on pedestal stability analyses.
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4.1. Comparison of pedestals at different fuelling gas rates

First, the simulation results of the highest pedestal temperature discharge (#84794,
high power, low gas rate) are presented. In figure 7 the inter-ELM evolution of the
edge total and bootstrap current profiles are shown, comparing the impact of the two
different boundary conditions on the current evolution. Figure 7a shows the result
of the simulation where the total current is held constant at the experimental value:
I, = 1.4 MA. Figure 7b shows the result of the JETTO run with a fixed loop voltage
at the separatrix. Uyep = 0.11 V is chosen, so that the total plasma current on average
is close to 1.4 MA. As a consequence of the flattened kinetic profiles during the ELM
crash, the bootstrap current profile (dashed lines in figure 7) drops in the first few ms
of the ELM cycle. However, the electric field significantly increases as a response to the
bootstrap current drop, mitigating the reduction in the peak total current (solid lines in
figure 7). This is visible in figure 8, where the time evolution of the parallel electric field
is shown. Note that the profiles corresponding to 0 % (ELM onset) and 100 % (ELM
onset of the subsequent ELM) are almost identical both in figure 7 and 8. This confirms
that any long time-scale evolution of the electric field is relaxed in the simulation and
the ELM cycle can be examined in steady-state.

0.5 w w ; 0.5 w w :
— 0.0ms, 0% Boundary condition: — 0.0ms, 0% Boundary condition:
= 2.25ms,8% _ = 2.25ms,8 % _
0.4 — 1L2ms 40% Ip_ 1.4 MA ~ | 0.4l — 11.2ms40% Uloop_0'105V
| — 28.1ms, 100 % \ | — 28.1ms, 100 %
= Total current = Total current
~ Bootstrap current ~ Bootstrap current
£ 03 £ 03
< <
= =
< 0. < 02
01 ___________________ 0.1_______________::.-
%80 0.85 0.90 0.95 1.00 %Pso 0.85 0.90 0.95 1.00

Figure 7. Inter-ELM evolution of the total (solid curves) and bootstrap current
(dashed curves) profiles in the plasma edge for pulse #84794 (T, prp = 0.9 keV). (a)
The total current, (b) the loop voltage held constant as a boundary condition. The
bootstrap current profile drops during the ELM crash, but the total current decreases
on a slower time scale due to the increase in the electric field (see figure 8).

The inter-ELM evolution of the bootstrap and total current profiles with the two
different boundary conditions are shown in figure 9a at a radial coordinate close to the
peak value (pror = 0.95). In both cases, the jgg (dashed lines) significantly drops at
the ELM crash, while the drop in the total edge current (solid lines) is relatively small
and slightly delayed in time. However, in the second half of the ELM cycle, the peak
total current builds-up on a similar timescale as the bootstrap current and the pressure
gradient (see figure 9b).
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Figure 8. Inter-ELM evolution of the parallel electric field profiles for pulse #84794
(Te,pep = 0.9 keV). (a) Total current held constant as boundary condition, (b) loop
voltage at the separatrix held constant as a boundary condition. The electric field
significantly increases during the ELM crash (blue curve) as a response to the drop
in the edge bootstrap current. The dashed lines show the time-average of the electric
field profile over the ELM cycle, which is close to the fully diffused electric field.

The difference between the two simulations can be explained by the effect of the
boundary condition on the time evolution of the electric field profile. The time evolution
of the loop voltage at the separatrix (which is the boundary of the simulation) is shown
in figure 9c. In the I, = const. case, U} is set so that OE/Jp = 0 at the separatrix
(see figure 8a), thus the total plasma current is conserved in the system. The prescribed
electric field (Uypop = 2mRoE) at the separatrix also affects the electric field inside the
separatrix through the first term on the r.h.s. of eq. (4). This difference is visible in
figure 9a: the minimum of the total current is ~ 20 % lower in the Ulsoefr‘) = const. case,
as some current is lost from the plasma. This can also be seen in figure 9d which shows
that the total plasma current is reduced after the ELM crash. Furthermore, it is visible
in figure 8b, that OE/0p < 0 at the plasma edge after the ELM crash, implying that
current is lost from the system.

The opposite process occurs in the build-up phase of the ELM cycle, thus the peak
total current is higher in the U = const. case than in the I, = const. simulation prior
to the ELM crash. Note that despite having the same input kinetic profiles evolution,
the jgs evolution is slightly different with the two different boundary conditions. This is
due to the different total current profile evolution in the two simulations, which affects
the jgg profile through the g-profile and the collisionality.

Both simulations indicate that the electric field induced by the second and third
terms on the r.h.s. of eq. (4) mitigates the effect of the changing bootstrap current on
the total current evolution. As this process is present both at the ELM crash and at
the recovery phase of the inter-ELM cycle, it leads to a dynamic equilibrium in which
the Ohmic current is redistributed in a way that the peak total current evolution closely

follows the build-up of the pressure gradient.
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Figure 9. (a) Inter-ELM evolution of the total (solid curves) and bootstrap current
(dashed curves) close to the position of peak jps (at pror = 0.95) in #84794.
The simulation with I, = const. boundary condition is shown in black, and with
Ulsfcf; = const. boundary condition in red. The lower panels show the inter-ELM
evolution of the: (b) pressure gradient at pror = 0.95 normalised to the maximum,
(c) the loop voltage at the separatrix, (d) the total plasma current.

Eq. (4) and the simulation result suggest that the magnitude of the electric field
oscillation at the edge during the ELM cycle is proportional to the lost bootstrap current
in the ELM crash. The higher the current loss, the larger the induced electric field in the
pedestal to keep the total current constant. The opposite applies to the recovery phase
of the ELM cycle: the higher the bootstrap current increase, the lower the electric field.
Thus, if the ELM magnitude is large (which is likely to lead to large bootstrap current
drop through low and/or wide post-ELM crash pedestal), the electric field oscillation
is also high. In the JETTO simulation of #84794 the ELM magnitude is large enough
(the ELM energy loss normalised to the pedestal stored energy is AWgpn/Wpgp =~ 0.15)
that the electric field decreases to negative values, as can be seen in figure 8. This leads
to higher bootstrap current than total current at pror = 0.95 in the pre-ELM phase, as
shown in figure 9a.

Figure 9 suggests that the effect of current diffusion on the evolution of the total
current in the second half of the ELM cycle is negligible. On the other hand, we note
that the electric field profile is not fully diffused by the end of the ELM cycle (see black
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and red curves in figure 8). It is expected that in a simulation with constant profiles
(i.e. no ELMs) the electric field reaches a fully diffused state. In the JETTO runs
presented in this paper, the time-averaged electric field over the ELM cycle (dashed
lines in figure 8) is very close to the fully diffused electric field which would be obtained
in a time independent (i.e. no ELMs) simulation. Therefore, in what follows, we refer
to this time-averaged electric field as fully diffused.

In order to understand why the electric field is not fully diffused, but is lower than
the time-average by the end of the ELM cycle, all 3 terms on the r.h.s. of eq. (4) and the
boundary conditions need to be considered. As mentioned earlier in this section, U™
changes in the I, = const. simulation in a way to keep 0E/0Jp = 0 at the separatrix.
It can be seen in figure 8a that the electric field at the separatrix is significantly lower
than the fully diffused value, preventing the electric field profile from reaching the fully
diffused state. On the other hand, this constraint does not exist when Uliefé is fixed in
the simulation (see figure 8b), but also in this case the electric field profile is still not
diffused by the end of the ELM cycle. This is because the third term on the r.h.s. of
eq. (4) also plays a role in the inter-ELM evolution of the electric field. This term is
inversely proportional to the rate of change of jpg. Since, in pulse #84794 jpg increases
in the second half of the inter-ELM cycle as shown in figure 9a, the 9/0t = 0 solution
of eq. (4) (assuming a constant, negative —0jps/0t/o term) is smaller than the fully
diffused electric field.

It is interesting to evaluate the time scale required for the electric field to reach
the fully diffused state, if only the diffusion term was considered in eq. (4). In order
to quantify this, the JETTO simulations were continued after the last ELM cycle but
with constant pre-ELM profiles, as depicted with the blue shaded area in figure 6. This
simulation represents the evolution of the electric field when only the first term on
the r.h.s. of eq. (4) is non-zero, as conductivity and jgs do not change in time when
the kinetic profiles are kept constant.§ Figure 10 shows the evolution of the parallel
electric field close to the peak of the total current profile (at pror = 0.95). The inter-
ELM evolution of Ej in the last ELM cycle is shown in red. The rest of the JETTO
simulation when the kinetic profiles are kept constant in time and E) relaxes towards
the fully diffused state is in blue. It can be seen that the resistive timescale on which
the relaxation process takes place is very long (7es ~ 20 ms).

In conclusion, although the resistive time scale in the pedestal is comparable to
the ELM period, when the whole ELM cycle (including the ELM crash) is simulated,
the resulting time evolution of the peak total current in the second half of the ELM

I In stationary conditions, the loop voltage Uy, = d¥/dt evaluated at fixed pror is constant in time
and flat as function of pror if the vacuum magnetic field is constant (dBg/dt = 0 is the case in
most present day tokamaks) [31]. In figure 8, the flux surface averaged parallel component of the
electric field By = (E - B)/By = U)/(2rR) is shown, thus this quantity is not exactly radially
constant in steady state conditions. Up can be evaluated from Ej = 27RU| in the following way:
Upl = UHdV/deOR/(47T2pTORR0) [31}

§ Since the current diffusion modifies the total current distribution, there is also a slight change in jgg
through the altered g-profile, but this effect is negligible compared to the diffusive process.



L. Horvath - Inter-ELM evolution of the edge current density... 16

50 ‘ : : : ‘
Boundary condition: 1, = 1.4 MA
#84794 |

@ Prop = 0.95 [MV/m]
N w H
oo 9

,_‘
=

E
parallel
o

F—

|
=
(@]

—20 0 20 40 60 80 100
Time relative to last ELM cycle [ms]

Figure 10. The evolution of the parallel electric field close to the peak of the total
current profile (at pror = 0.95) in #84794. After the last ELM cycle (in red), the
simulation continues with the kinetic profiles kept constant in time (in blue).

cycle closely follows that of the bootstrap current and pressure gradient, as shown in
figure 9. This is a result of the complex interplay between the different terms of the
current diffusion equation (eq. (4)) and the boundary conditions.

Qualitatively, similar conclusions are reached for the JET-ILW pedestal at lower
pedestal temperature, but higher ELM frequency (#87342, T, prp = 0.6 keV, frim =~
120 Hz, veprp =~ 0.9). For this pedestal, the results of the JETTO simulations with
I,, = const. boundary condition is shown in figure 11. The inter-ELM evolution of the
total and bootstrap current at a radius close to the peak jgs (pror = 0.95) is shown in
red and at a radius close to the pedestal top (pror = 0.93) in black. At pror = 0.95, jiot
reaches saturation slightly later than jgg and Vp. The time lag is less than 1 ms, thus
this delay is considered non-significant compared to the inter-ELM period (=~ 8 ms).
The peak jps in the second half of the ELM cycle is saturated and the total current
evolves similarly, but it slightly decreases towards the end of the ELM cycle. The slight
decrease in peak jpg in this discharge can be understood by taking into account the
bootstrap current evolution at the top of the pedestal. Figure 12 shows the inter-ELM
evolution of the bootstrap and total current profiles. It is visible that the jgg profile
substantially changes inside the peak of the profile around pror = 0.93. This is also
shown in figure 11a with black, where it can be seen that in the second half of the ELM
cycle jps is roughly constant at ppogr = 0.95, but it increases at pror = 0.93. This
increase in jgs leads to a decrease in the electric field at pror = 0.93 (see figure 12b),
which also affects the electric field evolution at pror = 0.95 through the diffusive term
of eq. (4). The evolution of the total current in pulse #87342 shows that the effect
of current diffusion on the time evolution of the total current is complex and it is not
sufficient to study the profile evolution at the peak.



L. Horvath - Inter-ELM evolution of the edge current density...

0.30f
Jiot @ Prop = 095
0.25
= Jior @ prcR:O'g?’
£ "2
= RO -
L0ash, T s
E I I
Toaop CTTTTTtTT
0.05/ #87342]
(@) Boundary condition:1_=1.4 MA
ooob—— ——— 7 T LT e, T
1.0 :
|§' 0.8 VP @ pry =095
T 0.6 V/
é 0.4 | Vp@pmﬁ:o'gs
£02 {(p
[e]
s o2 [(b)

0 1 2 3 4 5 6 7 8 9

inter-ELM period [ms]

17

Figure 11. (a) Inter-ELM evolution of the total (solid curves) and bootstrap current
(dashed curves) profiles at two radial coordinates close to the peak, pror = 0.95, and
close to the pedestal top pror = 0.93 in #87342 with I, = const. boundary condition.

(b) The evolution of the pressure gradient in the inter-ELM cycle.
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4.2. Edge current evolution at high I,

It is important to investigate whether the conclusions reached for the JET-ILW power
and gas scans at low plasma current are still relevant for H-mode scenarios at high I,
which are more relevant for optimising fusion performance. Thus, a representative JET-
ILW pulse (#92432) was chosen to examine the inter-ELM edge current evolution in
pedestals at high [,. In this pulse, good performance (Hog ~ 1, By ~ 2.1) type I ELMy
H-mode operation has been achieved at I, = 3.0 MA and B, = 2.8 T with ~ 33 MW
auxiliary heating.

The pedestal temperature of this discharge (Toppp = 1.1 keV) and the ELM
frequency (frm = 25 Hz) are similar to those of the highest T¢ pgp pulse in the low
current scan (#84794), but the pedestal top density is roughly a factor of 2 higher
in #92432 (neppp = 5.9 x 10"m™1'). The pressure gradient is significantly higher in
#92432 compared to #84794, which leads to a higher bootstrap current at the plasma
edge as shown in figure 13. The inter-ELM evolution of the kinetic profiles for this
discharge in the pedestal has been presented elsewhere [2]. Considering that the ELM
frequency and T, pp in #92432 are close to those of discharge #84794 (leading to similar
conductivity, thus comparable current diffusion time scale), similar results are expected
as those obtained for #84794. Figure 13a shows the bootstrap and total edge current
evolution at fixed radial position close to the peak (pror = 0.96) in the ELM cycle with
I, = 3.0 MA as boundary condition (in red). Similarly to the low I, pedestals, in this
case the timescales of the total and bootstrap current evolution are also very similar in
the second half of the ELM cycle.
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Figure 13. (a) Inter-ELM evolution of the total (solid curves) and bootstrap current
(dashed curves) profiles at a given radial coordinate close to the peak (pror = 0.96)
in the high I, discharge (#92432) with red. Even in the case of a short ELM duration
(in black) or large ELM magnitude (in blue), there is no significant delay in the total
current evolution with respect to the pressure profile build-up. (b) The evolution of
the peak pressure gradient in the inter-ELM cycle.
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Due to the low time resolution of the measurements, the kinetic profile evolution
during the ELM crash has high uncertainties. In order to account for these uncertainties,
sensitivity tests on the ELM crash duration and ELM magnitude were carried out for
pulse #92432. The nominal value of 1.5 ms assumed in the JETTO simulations for the
ELM crash duration was determined using the ECE and interferometry measurements
and it is consistent with the studies reported in [32]. In our test, the ELM duration was
reduced to 400 ps. Figure 13 shows that changing the duration of the ELM crash from
1.5 ms to 400 pus has no impact on the edge current evolution inter-ELM.

It is difficult to accurately quantify the ELM energy losses using the HRTS
diagnostic only. Thus, the effect of an artificially increased ELM magnitude on the edge
total current evolution was tested. The normalised ELM energy loss in pulse #92432
is AWgpm/Weep =~ 0.08 as evaluated from the fitted kinetic profiles. In the test, this
was increased with a factor of 5 to AWgpm/Weep ~ 0.4 in order to provoke a large
drop in the bootstrap current as a result of the ELM crash. The resulting inter-ELM
evolutions of ji,; and jgg are shown in blue in figure 13. The absolute values of the total
and bootstrap currents changed significantly in the initial phase of the ELM cycle, as
the average bootstrap current is reduced, however, no significant delay is found between
total current and jgg in the second half of the ELM cycle. When the ELM magnitude
is large, the associated large electric field oscillation can lead to a smaller peak jio; than
peak jgs. This can be seen in figure 13a (blue curves) and in the case of pulse #84794
where AWgv/Wpep ~ 0.15 (see figure 9).

4.3. Impact of current diffusion on linear MHD pedestal stability

Despite the small effect of current diffusion on the evolution of the total edge current
density, there are some implications of the results presented in this paper on pedestal
stability calculations. As a consequence of the dynamic equilibrium of bootstrap current
and electric field profiles during the ELM cycle, the electric field in the pedestal is
typically higher after the ELM crash and lower in the second half of the ELM cycle,
compared to the fully diffused state. This could be important for pedestal linear MHD
stability calculations, where usually a fully diffused electric field profile is assumed to
evaluate the Ohmic contribution to the total current. Figure 14a compares the Ohmic
and total edge currents for #84794 in three different cases: the two JETTO simulations
with different boundary conditions reported above and a calculation assuming fully
diffused electric field profile. It can be seen that if a fully diffused electric profile is
assumed, the peak total edge current is overestimated by ~ 15—20 % if I, is held constant
and by ~ 5—10 % if the loop voltage is held constant. Although this uncertainty is small
compared to other uncertainties associated with edge stability analysis, this exercise
shows that the boundary condition affects the absolute value of the electric field profile
and the systematic error introduced in calculations assuming a fully diffused electric
field profile cannot be precisely quantified without the knowledge of the experimental
boundary condition.
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Figure 14. (a) Comparison of the edge total and Ohmic currents in the last 20 % of
the ELM cycle in the highest T, prp pulse (#84794): jiot (solid lines) and jopu (dashed
lines) when the Ohmic contribution is calculated assuming a fully diffused electric field
profile (black); jiot and jou when simulated in JETTO using constant total current
(red) and constant loop voltage (green) as boundary condition, respectively. (b) Result
of linear MHD stability analysis for #84794. The operational point was scaled to show
the impact of current diffusion on P-B mode stability in the pre-ELM phase. The y axis
in figure 14b is the maximum of the toroidal component of the total current density,
the x axis is the ballooning «. (c) The magnetic shear from the JETTO simulation
with fixed I, (red) and from the fully diffused electric field assumption (black) are
compared.

Figure 14b shows a linear MHD stability diagram calculated using the
HELENA/MISHKA [33] codes for the pre-ELM phase of #84794. The black circle
shows the operational point as calculated with the HELENA equilibrium code using
the input kinetic profiles, the Sauter-formula for the bootstrap current| and assuming
fully diffused electric field (this corresponds to the black curves in figure 14a). The
red and green circles show the operational point for the JETTO fixed I, and fixed
Uls(ffr; simulations, respectively. The edge stability analysis was not self-consistently
recalculated using the current profile outputted from JETTO, but the operational point
was scaled according to the peak of the current profiles in figure 14a. As the shape
of the total current density profile does not change significantly between the different
cases in figure 14a, this is a good approximation to show the impact of current diffusion
on P-B mode stability in the pre-ELM phase. As it can be seen in figure 14b, the
impact of current diffusion is small compared to the uncertainties arising from the
profile measurement indicated by the error bars. The error bars on the operational
points were calculated with a sensitivity analysis as explained in section 2. The effect
of current diffusion on the magnetic shear is negligible (~ 5 % at the peak of the total
edge current density, pror = 0.95). Figure 14c¢ shows the shear at the plasma edge
from the JETTO simulation with fixed I, in red and from the fully diffused electric
field assumption in black. This comparison is outputted from the simulation shown in

|| The equilibrium for the ELITE stability analysis is calculated with the HELENA code in a self-
consistent way, namely that the bootstrap current and the equilibrium are calculated iteratively until
the solution converges. The result of the Sauter formula for the calculation of jgg is in good agreement
with that of NEO for the low collisionality pedestal of #84794. Thus, the usage of the Sauter formula
in HELENA provides a sufficiently accurate and quick way to produce the equilibrium in this case.
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figure 10: the red curve corresponds to the end of ELM cycle, the black curve shows the
magnetic shear 100 ms later when the electric field is fully diffused at the edge.

5. Conclusions

The inter-ELM evolution of the edge current density has been studied in JET-ILW
type I ELMy H-mode pedestals of varying collisionality and total plasma current. The
bootstrap current density, which contributes most to the total edge current, has been
evaluated with the neoclassical transport code NEO. In JET-ILW type I ELMy H-modes
at low gas rate the peak jpg is found to continuously increase during the ELM cycle. In
contrast, with increasing gas rate the peak jgg tends to saturate during the ELM cycle,
in agreement with previous analysis in JET-C [34]. The time evolution of jpg closely
follows that of Vp,, as expected, and Vp, is dominated by the n.VT, term.

The effect of current diffusion on the total edge current density has been investigated
with the JETTO transport code. JET-ILW pedestals with varying 7t ppp and ELM
frequencies have been investigated in detail. The simulations show that there is no
significant delay of the total edge current evolution with respect to the build-up of the
pressure gradient inter-ELM. Sensitivity tests indicate that the conclusions are robust
against ELM crash duration and/or ELM amplitude.

Although the current diffusion simulations show that the resistive timescale is
comparable to the ELM period in the investigated pedestals, when the full ELM cycle
(including the ELM crash) is simulated, the Ohmic current is always redistributed so as
to mitigate the effect of the varying bootstrap current. As a result, the effect of current
diffusion on the time evolution of the total edge current is not significant in the second
half of the ELM cycle. Therefore, inter-ELM current diffusion does not explain why
JET-ILW pedestals at high gas rate and high Sy are stable to P-B modes, as found by
linear MHD stability analysis with HELENA /ELITE [1].

One caveat of the simulations with JETTO is that the plasma shape and size
are fixed during the simulation. Although the effect of total plasma current loss was
investigated in the simulations with constant U7, no current loss through filaments or
fast loss of a current-carrying plasma layer during the ELM crash were modelled.

Accurate modelling of the total edge current profile evolution requires a precise
knowledge of the evolution of the kinetic profiles (including the ELM crash) and an
accurate measurement of the loop voltage at the separatrix for the boundary condition.
Without these it is difficult to quantify the effect of the Ohmic current contribution
on pedestal stability analysis, although some qualitative conclusions can be made.
Generally, linear MHD pedestal stability calculations estimate the contribution of the
Ohmic current by assuming a fully diffused electric field profile. However, as a result of
the dynamic equilibrium of the bootstrap current and electric field profiles in the ELM
cycle as shown in this paper, the electric field in the pedestal is typically larger in the
early phase, and lower in the second half of the ELM cycle compared to the fully diffused
state. Therefore, the assumption of a fully diffused electric field may overestimate the
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total current in the pre-ELM phase. Our work estimates this error to be of order of 10-
20 % at the maximum of the total current density profile in the pedestal. Although, this
uncertainty error is not large, it adds to all other uncertainties that feed into the edge
stability analysis, such as those arising from the profile measurements and the bootstrap
current models. In addition, as a consequence of the large profile changes in the first
half of the ELM cycle, the fully diffused electric field assumption can potentially lead
to higher errors in this phase. This might have an impact on pedestal stability analysis
such as presented in [34, 35], where the stability of the n = oo ideal MHD ballooning
mode as a proxy for Kinetic Ballooning Mode was investigated during the inter-ELM
cycle.
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