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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 beta discharges with high D2 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 βN are found to be stable to Peeling-Ballooning modes.
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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]. The two key components in

this model are the edge pressure gradient and the edge current density which drive

coupled P-B modes limiting the pedestal growth and trigger an ELM. Pressure gradient

can drive ballooning modes unstable. The edge current has a crucial role in the P-B

model: besides that it can drive peeling modes unstable, it can also stabilise ballooning

modes through reduced magnetic shear. The current density in the pedestal 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 D2 gas

rates, while, at high gas rates and high beta, pre-ELM pedestals are found to be stable

to P-B modes, although type I ELMs occur experimentally [1]. Note that, high D2

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].

In order to try and understand the origin of this discrepancy, in this paper we

study the time evolution of the edge current during the type I ELM cycle, investigating

both the edge bootstrap current density profile (jBS) and the Ohmic component (jOH).

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 [13, 14], 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 [15] transport code has been utilised to consider a
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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 driven by the pressure gradient, but also strongly depends on the plasma

collisionality. One widely used formula to estimate the bootstrap current profile is the

Sauter-formula [16, 17], which expresses the bootstrap current as a function of density

and temperature gradients, collisionality and parameters of the magnetic equilibrium.

The Sauter formula is an analytical fit to the results of neoclassical codes. 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 [18].

In this paper the bootstrap current density is computed from first principles

with the local neoclassical transport code NEO [13, 14], 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 using the Sauter-formula, 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 electron collisionality (e-i collisions) is calculated

as defined by eq. (18b) in [16]:

ν∗e = 6.921× 10−18 qRneZeff ln Λe

T 2
e ε

3/2
, (1)

where q is the safety factor, R the major radius, ne the electron density, Zeff the

effective ion charge, ln Λe = 31.3− ln(
√
ne/Te) the Coulomb logarithm, Te the electron

temperature and ε the inverse aspect ratio. The parallel bootstrap current density (jBS)

and the parallel component of the total current density (jtot) profiles in this paper are

expressed in the form of a flux surface average:

jBS =
〈jjjBS ·BBB〉
Bax

, jtot =
〈jjjtot ·BBB〉
Bax

, (2)

where B is the magnetic field and Bax is the magnetic field on axis.
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The inputs for NEO are the EFIT plasma equilibrium, the electron (Te) and

ion (Ti) temperatures and the electron (ne) and ion density (ni) 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 Zeff measured by Visible Bremsstrahlung and Be as the intrinsic

impurity.

The HRTS profiles collected from a steady time window of the discharge are ELM-

synchronised to improve signal statistics [19, 20]. In order to track the time dependent

evolution of jBS during the ELM cycle, the ELM cycle is divided into 20 % long intervals,

as shown in figure 1a. As 100 % corresponds to the onset of the ELM crash and

0 % corresponds to the ELM crash of the preceding ELM cycle, 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 [21] is fitted to both the electron temperature (Te)

and density (ne) 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 II (λ = 527 nm)

photon flux measured at the inner divertor. (b) and (c) The ne and Te experimental

data for the 20-40 % and 80-99 % intervals in #84794.

Examples of fitted ne and Te 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 PIN ' 16 MW, average triangularity δ = 0.27, injected gas rate

ΓD = 2.8 · 1021 e/s) for the four inter-ELM intervals from 20-40 % to 80-99 %. The

ne and Te experimental data for the 20-40 % and 80-99 % intervals in figure 1b and

c shows that the observed difference in the fitted profiles is beyond any experimental

uncertainty. Figure 2(c) 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

jBS profile is shown in figure 2d, showing a similar time evolution to that of the pressure

gradient, as expected.

The sensitivity of the jBS profiles to the uncertainties of the input parameters ne,

Te and Zeff , has been investigated. For this purpose, “modulated” ne and Te profiles
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Figure 2. Time evolution of (a) the edge electron density (ne); (b) the edge electron

temperature (Te); (c) the edge electron pressure gradient (∇pe) and (d) the edge

bootstrap current density (jBS) 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.

were constructed, whereby each fitted parameter of the mtanh function (width, height,

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 jBS profile calculation with

NEO is then repeated several times (∼ 50) using as input the different “modulated”

profiles. The line averaged Zeff 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, Zeff) are modulated within their uncertainties. The percentile of the resulting

jBS profiles gives the 1σsd and 2σsd error bars where σsd is the standard deviation. The

error bars are visible in figure 3 in red and blue, respectively. Since all three parameters

(ne, Te, Zeff) 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.
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Tests where only one input parameter is “modulated” have shown that the

uncertainty in the calculated jBS is dominated by the uncertainty in the Te profiles.

This is due to the fitted HRTS Te profiles having a larger uncertainty than the ne

profiles in the JET-ILW dataset analysed in this study. In the remainder of the paper

the 1σsd error bars are used as the uncertainty in the jBS profile.
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Figure 3. Edge jBS profile for pulse #84794 in the last 20 % of the ELM cycle (black)

and 1-σsd (red) and 2-σsd (blue) uncertainties, derived from the sensitivity analysis on

the jBS calculation to ne, Te and Zeff uncertainties.

3. Inter-ELM evolution of the edge bootstrap current

In JET-ILW type I ELMy H-modes at low D2 gas rates the edge pressure gradient

continuously increases inter-ELM, until the ELM crash [2]. On the other hand, at high

D2 gas fuelling rates and at high beta, 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 (H98(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 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 (δ), Psep = 4 → 14 MW (where

Psep is the power across the separatrix Psep = PIN − dW/dt − Prad,bulk), gas rate:

ΓD2 = 2.8 → 18 · 1021 e/s, normalised β: βN = 1.2 → 2.8 and ELM frequency:

fELM = 12 → 120 Hz. In the experiment, at a given Psep, the electron pressure at

the pedestal top (pe,PED = 1.602 × ne,PEDTe,PED) is reduced with increasing gas rate

mainly via a reduction in the pedestal temperature. The pedestal collisionality (νe,PED)

is mainly driven by the variation in the pedestal temperature in the power and gas

scans [1] and varies between νe,PED = 0.3→ 4.5.

Figure 4 compares the inter-ELM evolution of jBS at different gas rates: at low

Psep = 4 MW (4a) and at high Psep = 13 MW (4b). jBS is reduced at low power
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due to the lower Te and thus higher ν∗ compared to the high Psep 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. Conversely, at “medium” and “high”

gas rates the peak jBS is roughly constant throughout the second half of the ELM cycle.

The saturation of peak jBS during the ELM cycle at high gas rate is observed both at

low and high input power.

It is interesting to compare the inter-ELM jBS evolution to that of the separate

drives of∇pe, 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 jBS 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 jBS, peak ∇pe and peak ∇Te always exhibit the same time evolution, regardless

of the ∇ne inter-ELM evolution. Figure 5a shows the case of pulse #84794 where

the pedestal ν∗ is lowest in the scan: peak ∇ne, peak ∇Te and peak ∇pe all increase

during the ELM cycle. In figure 5b a higher ν∗ case (#87342) is shown, where the

evolution of peak ∇pe is saturated and closely follows the evolution of peak ∇Te, but

the evolution peak ∇ne is different, with ∇ne first increasing and then decreasing. This

latter behaviour is typical of the whole dataset, suggesting that the evolution of peak

∇pe is driven by the time evolution of peak ∇Te.
The dominant effect of the temperature gradient on jBS can be understood by

separately evaluating the ∇ne and ∇Te terms of ∇pe ∼ ne∇Te + Te∇ne. In JET-

ILW pedestals, the maximum ∇Te is typically located radially inwards of the maximum

∇ne [22, 23], as can be seen e.g. in figure 2 for pulse #84794. This relative radial shift

between Te and ne gradients leads to a smaller contribution of the Te∇ne term to ∇pe,
as the temperature is low where the density gradient peaks, explaining why the pressure

gradient is dominated by the ne∇Te term. The ratio of ne∇Te/Te∇ne is ∼ 4 in the

dataset at the maximum ∇pe.
In order to estimate the separate contributions from ∇ne, ∇Te and ∇Ti to the

bootstrap current, the coefficients of Sauter’s formula were evaluated in the investigated

pedestals:

jSauter
BS =

I(Ψ)p(Ψ)

Bax

[
L31︸︷︷︸

coeff. of ∇ne

∂ lnne

∂Ψ
+Rpe(L31 + L32)︸ ︷︷ ︸

coeff. of ∇Te

∂ lnTe
∂Ψ

+

+ (1−Rpe)(1 +
L34

L31

α)L31︸ ︷︷ ︸
coeff. of ∇Ti

∂ lnTi
∂Ψ

]
, (3)

where I(Ψ) = RBt, Rpe = pe/p and α, L31, L32, L34 are coefficients which can be

analytically computed from equations (13) through (18) in [16]. The coefficient of ∇ne

is larger than the coefficient of ∇Te and ∇Ti in the range of pedestal collisionalities

considered in this paper. Despite the higher coefficient for ∇ne, the bootstrap current

is dominated by the ∇Te term of Sauter’s formula. The ratio of ne, Te and Ti drives

is approximately 1:3:1 in the dataset at the maximum ∇pe. This result also implies
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that (in case of local calculation of the bootstrap current) the error introduced by the

Te = Ti ⇒ ∇Te = ∇Ti approximation is not significant as the contribution from ∇Ti to

the bootstrap current is small.
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data points have error bars of magnitude similar to those shown.

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

JET-ILW pre-ELM pedestals at high gas rates and high β are stable to P-B modes,

indicating that additional physics may be required to explain the ELM trigger [1].

Furthermore, in high β, 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).
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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 jBS follows that of the pressure gradient. The effect of current diffusion

inter-ELM can be assessed by taking into account the contribution of the Ohmic current.

This has been investigated on AUG [24, 25], showing that the current diffusion only plays

a minor role in the edge of AUG H-mode plasmas.

In [24] and [25], 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 = σE + jBS , (4)

where E is the electric field and σ the plasma conductivity. In general, the second term

in eq. (4) includes any non-inductively driven current. Here, only the bootstrap current

is considered. Substituting Faraday’s law into eq. (4) gives a current diffusion equation:

∂E

∂t
=

1

σ

(
∇2E

µ0

− E∂σ
∂t
− ∂jBS

∂t

)
, (5)

where µ0 is the vacuum permeability and ∂/∂t is the time derivative. Eq. (5) shows

that an increase in bootstrap current (∂jBS/∂t) reduces the electric field in the pedestal

build-up phase, trying to keep the total current constant. Any change in the electric

field relaxes in a diffusive process (∇2E/µ0/σ) on the resistive timescale, which is

proportional to the plasma conductivity.

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,

two extreme cases of JET-ILW pedestals are investigated in detail: in the first case (pulse

#84794), the pedestal collisionality is ν∗e,PED ' 0.3, the ELM frequency is fELM ' 35 Hz

and the pedestal temperature is Te,PED ' 0.9 keV, thus the conductivity is high and

the resistive timescale is longer; the second case is a higher collisionality (ν∗e,PED ' 0.9)

pulse (#87342) with the highest power in the high gas rate scan, with a colder pedestal,

Te,PED ' 0.6 keV, but much higher ELM frequency, fELM ' 120 Hz, thus the ELM

period may be short enough to be comparable to the resistive timescale.

In order to solve the current diffusion equation in realistic geometry, JETTO [15]

simulations were run within the JINTRAC framework [26]. The energy and particle

transport were not simulated in these 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 [27] 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
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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).

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 plasma

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.
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Figure 6. Evolution of the electron pressure close to the pedestal top (ρTOR = 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. (5). This is indicated with the blue shaded area.

The fixed boundary equilibrium code ESCO [15] 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 q profiles are evolved according to the redistribution of the current.

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
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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.

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:

Ip = 1.4 MA. Figure 7b shows the result of the JETTO run with a fixed loop voltage

at the separatrix. Uloop = 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.

(a) (b)

Boundary condition:
Ip = 1.4 MA

Boundary condition:
Uloop = 0.105 V

ρTOR ρTOR

Total current
Bootstrap current

Total current
Bootstrap current
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  [

M
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2 ]
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  [

M
A
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2 ]

Figure 7. Inter-ELM evolution of the total (solid curves) and bootstrap current

(dashed curves) profiles in the plasma edge for pulse #84794 (Te,PED = 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 is shown in figure 9a at a radial coordinate close to the

peak value (ρTOR = 0.95). In both cases, the jBS (dashed lines) significantly drops at

the ELM crash, while the drop in the total edge current (solid lines) is relatively smaller
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(a) #84794 (b)

Boundary condition:
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Figure 8. Inter-ELM evolution of the parallel electric field profiles for for pulse #84794

(Te,PED = 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.

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).

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 Ip = const. case, U sep.
loop is set so that ∂E/∂ρ = 0 at the separatrix

(see figure 8a), thus the total plasma current is conserved in the system. The prescribed

electric field (Uloop = 2πR0E) at the separatrix also affects the electric field inside the

separatrix through the first term on the r.h.s. of eq. (5). This difference is visible in

figure 9a: the minimum of the total current is ∼ 20 % lower in the U sep.
loop = 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 ∂E/∂ρ < 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

the peak total current is higher in the U sep.
loop = const. case than in the Ip = const.

simulation prior to the ELM crash. Note that despite having the same input kinetic

profiles evolution, the jBS 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 jBS profile through the q-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. (5) 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
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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 jBS (at ρTOR = 0.95) in #84794.

The simulation with Ip = const. boundary condition is shown in black, and with

U sep.
loop = const. boundary condition in red. The lower panels show the inter-ELM

evolution of the: (b) pressure gradient at ρTOR = 0.95 normalised to the maximum,

(c) the loop voltage at the separatrix, (d) the total plasma current.

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.

Eq. (5) 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 ∆WELM/WPED ' 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 ρTOR = 0.95 in the pre-ELM phase, as

shown in figure 9a.
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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

and cyan 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

simulating the ELM cycle, 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. (5) and the

boundary conditions need to be considered. As mentioned earlier in this section, U sep.
loop

changes in the Ip = const. simulation in a way to keep ∂E/∂ρ = 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 U sep.
loop 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. (5) also plays a role in the inter-ELM evolution of the electric field. This term is

inversely proportional to the rate of change of jBS. Since, in pulse #84794 jBS increases

in the second half of the inter-ELM cycle as shown in figure 9a, the ∂/∂t = 0 solution

of eq. (5) (assuming a constant, negative −∂jBS/∂t/σ 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. (5). In order

to quantify this, we continued the JETTO simulations 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. (5) is non-zero, as conductivity and jBS 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 ρTOR = 0.95 ), with the inter-

ELM evolution of E‖ in the last ELM cycle in red and in blue the rest of the JETTO

simulation when the kinetic profiles are kept constant in time and E‖ relaxes towards the

fully diffused state. It can be seen that the resistive timescale on which the relaxation

process takes place is very long (τres ∼ 20 ms).

‡ In stationary conditions, the loop voltage Upl = dΨ/dt evaluated at fixed ρTOR is constant in time

and flat as function of ρTOR if the vacuum magnetic field is constant (dB0/dt = 0 is the case in

most present day tokamaks) [28]. In figure 8, the flux surface averaged parallel component of the

electric field E‖ = 〈E · B〉/B0 = U‖/(2πR) is shown, thus this quantity is not exactly radially

constant in steady state conditions. Upl can be evaluated from E‖ = 2πRU‖ in the following way:

Upl = U‖dV/dρTOR/(4π
2ρTORR0) [28].

§ Since the current diffusion modifies the total current distribution, there is also a slight change in jBS

trough the altered q-profile, but this effect is negligible compared to the diffusive process.
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Figure 10. The evolution of the parallel electric field close to the peak of the total

current profile (at ρTOR = 0.95) in #84794. After the last ELM cycle (in red), the

simulation continues with the kinetic profiles kept constant in time (in blue).

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

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. (5)) and the boundary conditions.

Qualitatively, similar conclusions are reached for the JET-ILW pedestal at lower

pedestal temperature, but higher ELM frequency (#87342, Te,PED = 0.6 keV, fELM '
120 Hz, νe,PED ' 0.9). For this pedestal, the results of the JETTO simulations with

Ip = 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 jBS (ρTOR = 0.95) is

shown in red and at a radius close to the pedestal top (ρTOR = 0.93) in black. There

is no significant delay in the time evolution of the peak total current with respect to

the pressure gradient build-up. The peak jBS 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 jBS 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 jBS profile substantially changes inside the peak of the

profile around ρTOR = 0.93. This is also shown in figure 11 with black, where it can be

seen that in the second half of the ELM cycle jBS is roughly constant at ρTOR = 0.95,

but it increases at ρTOR = 0.93. This increase in jBS leads to a decrease in the electric

field at ρTOR = 0.93 (see figure 12b), which also affects the electric field evolution at

ρTOR = 0.95 through the diffusive term of eq. (5). 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.
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Figure 11. Inter-ELM evolution of the total (solid curves) and bootstrap current

(dashed curves) profiles at two radial coordinates close to the peak, ρTOR = 0.95, and

close to the pedestal top ρTOR = 0.93 in #87342 with Ip = const. boundary condition.
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Figure 12. (a) Inter-ELM evolution of the total (solid curves) and bootstrap current

(dashed curves) profiles in #87342 with Ip = const. boundary condition. (b) Inter-

ELM evolution of the parallel electric field.

Recently, good performance (H98 ' 1, βN ' 2.1) type I ELMy H-mode operation

has been achieved in JET-ILW at Ip = 3.0 MA and Bt = 2.8 T with ∼ 30 MW

auxiliary heating. A representative pulse (#92432) was chosen to examine the inter-

ELM edge current evolution in pulses at high plasma current and compare the results

to the conclusions reached for the low Ip dataset. The pedestal temperature of this

discharge (Te,PED = 1.1 keV) and the ELM frequency (fELM = 25 Hz) are similar to those

of the highest Te,PED pulse in the low current scan (#84794), but the pedestal top density
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is roughly a factor of 2 higher in #92432 (ne,PED = 5.9×1019m−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 Te,PED 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 (ρTOR = 0.96) in

the ELM cycle with Ip = 3.0 MA as boundary condition (in red). Similarly to the low

Ip 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 (ρTOR = 0.96)

in the high Ip 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.

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 [29]. In our test, the ELM duration was

reduced to 400 µs. Figure 13 shows that changing the duration of the ELM crash from

1.5 ms to 400 µs 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
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is ∆WELM/WPED ' 0.08 as evaluated from the fitted kinetic profiles. In the test, this

was increased with a factor of 5 to ∆WELM/WPED ' 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 jtot and jBS 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 jBS 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 jtot than

peak jBS. This can be seen in figure 13a (blue curves) and in the case of pulse #84794

where ∆WELM/WPED ' 0.15 (see figure 9).

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 in #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 Ip 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.

Figure 14b shows a linear MHD stability diagram calculated using the

HELENA/MISHKA [30] 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 Ip and fixed

U sep.
loop simulations, respectively. The edge stability analysis were 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 arisen from the profile

measurement indicated by the error bars. The error bars on the operational points were
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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, ρTOR = 0.95). Figure 14c shows the shear at the plasma edge from the JETTO

simulation with fixed Ip in red and from the fully diffused electric field assumption in

black. This comparison is outputted from the simulation shown in 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.
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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 Te,PED pulse (#84794): jtot (solid lines) and jOH (dashed

lines) when the Ohmic contribution is calculated assuming a fully diffused electric field

profile (black); jtot and jOH 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 α. (c) The magnetic shear from the JETTO simulation

with fixed Ip (red) and from the fully diffused electric field assumption (black) are

compared.

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 jBS is found to continuously increase during the ELM cycle. In

contrast, with increasing gas rate the peak jBS tends to saturate during the ELM cycle,

in agreement with previous analysis in JET-C [31]. The time evolution of jBS closely

follows that of ∇pe, as expected, and ∇pe is dominated by the ne∇Te 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 Te,PED 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
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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 βN 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 U sep.
loop, 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 kinetic profiles evolution (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 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 [31, 32], where the stability of the n =∞ ideal MHD ballooning mode as a proxy for

Kinetic Ballooning Mode was investigated during the inter-ELM cycle.
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