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1. Introduction
The goal of the project is to produce a model called Europed that can be used to predict the pedestal height and width for scenario development and transport simulations of future tokamak plasmas. The developed model builds on EPED1 [1] and improves the parts that in EPED1 are taken as input by substituting them with predictive capability: a model for the density pedestal height, prediction of global  and KBM stability limit based gradient model. This document briefly describes the progress achieved in different parts of the Europed project during 2016. The first year progress was already reported in the midpoint report of the project.  All the project achievements are shortly summarised in section 10. 
2. Framework (deliverable 1)
The framework developed in the first year has been expanded so that it is possible to run Europed parameter scans with an arbitrary number of parameters scanned. This makes it relatively easy to create a parameter matrix that can then be used in core simulations with pedestal predictions interpolated from the Europed results. This method has also been used to create a parameterisation of the DEMO pedestals. 
3. Kinetic ballooning mode stability criterion from global and local-global gyrokinetic analysis (deliverables 2, 3, 11)
One of the constraints in the original EPED model is that between ELMs the pedestal is limited by the kinetic ballooning modes (KBM). In the EPED1 model this limit is approximated by the relation , where  is the pedestal width and p,ped is the poloidal  at the pedestal top. However, this constraint is based only on the fit of experimental data, and not on first-principles physics modelling. In order to derive a more detailed physics model, we have developed a method to approximate the pedestal KBM limit using gyrokinetic simulations.

In the pedestal region the assumption used in the local gyrokinetic theory that the equilibrium scale lengths are much longer than the modes studied is not very well fulfilled. This is especially true for KBMs that have very long wave lengths, ki<1, where k is the poloidal wave number and i is the ion Larmor radius. This problem can be overcome using global gyrokinetic simulations that allow realistic equilibrium variation in the simulation region. In order to overcome the intrinsic problem with the boundary condition that the mode amplitude has to go to zero at the simulation edge in global pedestal simulations, we created an artificial boundary region with flat profiles between the pedestal and the plasma boundary. This treatment still produces identical results in the local treatment as the experimental equilibrium, but avoids the boundary issue in the global simulation. In this way we can investigate the effect of steep equilibrium scale gradients on the pedestal microinstabilities without the boundary problem of the global treatment.  

In the analysis comparing the local and global linear KBM stability in both MAST and JET like pedestals, we find that if the edge bootstrap current that flattens the q-profile in the pedestal is artificially suppressed, the local and global result agree well, but if the edge bootstrap current is taken into account in the equilibrium, in the local linear simulation the KBMs access the so-called second stability and become stabilised while in the global simulation using ORB5 code the bootstrap current has little effect on the KBM stability [2]. This is shown in Fig. 1. where the KBM growth rates from local and global -scan are plotted. This allows us to use the computationally much cheaper local gyrokinetic result as a proxy for the global KBM stability. The global KBM in a realistic pedestal can be approximated by the local KBM limit at the maximum pressure gradient for an equilibrium where the bootstrap current has been artificially suppressed.  As the local gyrokinetic KBM stability limit has been shown to agree very well with the local ideal MHD n=∞ ballooning mode limit (which can be solved even faster than the local KBM limit) [3], this allows very rapid determination of the global KBM limit. 
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Figure 1. The local KBM growth rate at the maximum pressure gradient location (a) and global KBM growth rate (b) for MAST-like equilibrium in a -scan for an equilibrium with and without bootstrap current. Also the n=∞ ballooning mode limit for the equilibrium without bootstrap current is shown. 

In Europed, the KBM limit for pressure pedestal height for a given pedestal width is determined in the following way: First the bootstrap current is set to zero in the equilibrium reconstruction. The pedestal height is varied until the fraction of the pedestal region that is above the n=∞ ballooning mode stability limit is equal to the value set in the input. This pedestal height is assumed to be consistent with being limited by the KBMs. The analysis is continued with the bootstrap current taken into account in the equilibrium reconstruction before the standard peeling-ballooning mode stability analysis. The method still needs an input parameter (the fraction of the pedestal above the KBM limit), but is now more physics based than the pure  dependency between the height and the width of the pedestal.

In addition to global gyrokinetic analysis, a novel approach to capturing the global effects through combining multiple local simulations with higher order ballooning theory [4,5] was used to study pedestal KBM stability. This approach provides advantageous numerical properties, offering a route to more routine and expansive global studies, whilst also providing a more direct connection to how the global effects modify the local behaviour. In this project we exploited this approach in order to investigate the global effects on the KBM in the JET pedestal with suppressed bootstrap current.
The frequency and growth rate spectrum is shown in fig 2a) for a surface near the top of the pedestal (). The KBM growth rate is found to peak at relatively low , indicating that global effects are likely to be significant. In order to reconstruct the global solution from the local simulations (obtained with GS2) we must first map out the local eigenfrequency, , as a function of radius, , and ballooning angle , whilst tracking a single eigenmode. In order to aid this analysis a new wrapper around the core GS2 library was developed which utilises GS2’s eigensolver to extract multiple eigenmodes at each  point. The result at each point is used as input to the next point in order to improve the ability to track an eigenmode branch as it becomes subdominant. The growth rate and frequency dependence on radius is shown in fig 2b). It can be seen that whilst the growth rate has a roughly quadratic dependence the frequency is approximately linear. This is expected to lead to a global solution which peaks away from the outboard midplane [4]. The growth rate and frequency dependence on  is shown in fig 3a for  . It can be seen that both the frequency and growth rate are very strongly peaked about  . In deriving the lowest order local equation along with the higher order equation used to reconstruct the global solution a separation of scales is used in both  and  which requires that the local eigenfrequency, , is a slowly varying function of  and . The strong  dependency shown in Fig. 3a indicates that this assumption has been violated and as such the local approach and the subsequent reconstruction is not valid. Despite this, the solution to the higher order equation, , is shown in Fig. 3b along with the global eigenmode for the three most unstable global solutions. Three unstable global solutions are found with growth rates somewhat smaller than the peak local growth rate. The amplitude envelope is not strongly peaked (due to the strong  dependence of  ) but all three solutions demonstrate peaks away from , which suggests the global mode would peak towards the top or bottom of the plasma.
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Figure 2. a) Local growth rate and frequency as a function of toroidal mode number for N = 0:88, 0=0. It can be seen that the growth rate peaks for n ≤ 20. b) Radial variation of the local growth rate and frequency for n = 20. The growth rate has a peak whilst the frequency varies linearly.
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Figure 3. a) Dependence of the local growth rate and frequency on 0 for n = 20. Both quantities are strongly peaked about 0 = 0. b) Amplitude envelope, A(0), from the higher order ballooning equation for the three most unstable global solutions. The envelope function weights the contribution from the local solutions used in reconstructing the global solution and should be localised in 0 for the local approximation to be valid.
4. Pedestal limiting instabilities between ELM crashes (deliverable 12)
The main focus of this project has been to develop a model capable of predicting the pedestal structure immediately prior to the ELM crash. To complete this task it will also be essential to understand and predict the inter-ELM profile evolution. Alongside the sources of heat and particles the profile evolution will be determined by the turbulent transport arising from microinstabilities. Local gyrokinetic simulations of the MAST pedestal have found microtearing modes (MTMs) and KBMs in the shallow and steep gradient regions respectively [6,7], with more recent simulations also finding an unstable ETG in the shallow gradient plateau region consistent with experimental observations [8]. Previous simulations of the plateau region of a JET pedestal found ITGs and sub-dominant MTMs that peak well of the equatorial midplane [3], whilst more recent simulations of the steep gradient region of JET pedestals at very high D2 gas rates has found both MTM and ITG-like instabilities [9]. It is clear that there can be a wide range of microinstabilities that can be found in and around the pedestal. Whilst different classes of instability would be expected to lead to different transport characteristics, there are some common characteristics expected to be seen in the majority of pedestals. For example, the pedestal is often seen to expand through the inter-ELM period and as such there must be a transition from the instability in the shallow gradient region to the one in the steep gradient region as the profiles evolve. In order to better understand this transition and the behaviour of different microinstabilities as the equilibrium evolves it is helpful to explore the microinstability behaviour in a simplified system.
The growth rate and frequency for the standard cyclone base case is shown in Fig. 4 as a function of  for both the dominant twisting parity and tearing parity instabilities. It can be seen that above some critical  the growth rate of the twisting parity mode increases rapidly, corresponding to the onset of the KBM. Interestingly we also find two different tearing parity instabilities which can be unstable; at intermediate  we find a weakly unstable MTM-like instability whilst at higher  we find a tearing parity KBM-like mode. Whilst this system is somewhat removed from a realistic pedestal equilibrium it can still be used to demonstrate some relevant instability properties, for example in the same study as in Fig. 4, but for the case where the density and temperature length scales have been swapped (originally R/LT= 6.92 and R/Ln=2.22). This keeps a constant pressure length scale, and also the KBM properties are approximately the same. However, the non-KBM-like instabilities are strongly stabilised by this change. This highlights that the KBM may potentially impose a restriction on the pedestal pressure gradient but not on the temperature and density gradients separately.
a)[image: Figures/cbc_betaScan_gamma.png]b)[image: Figures/cbc_betaScan_omega.png]
Figure 4. The (a) growth rate and (b) frequency of the dominant twisting and tearing parity instabilities in the cyclone base case as a function of .
Whilst the tearing parity KBM-like instability is somewhat less unstable than the usual twisting parity KBM in the cyclone base case this is not true as we start to modify the equilibrium. We find that whilst the twisting parity KBM becomes weaker at large inverse aspect ratio , the tearing-parity KBM-like instability actually becomes more unstable, such that for the largest  investigated the growth rates of the tearing and twisting parity modes at large  are close.
5. Pedestal density prediction (deliverable 14)
In the EPED1 model the pedestal density ne,ped is given as an input and not predicted along with the temperature. In this project we included two methods to predict ne,ped. The first is based on a database study for JET from which a parameterisation was derived by Urano [10]. While this is not based on first principle physics model, but on a fit to experimental data, in practice it can be very useful when predicting JET experiments. Naturally, as only JET data was used, the model is only applicable to JET predictions. The parameterisation gives ne,ped as a function of plasma current Ip (in MA), toroidal magnetic field Bt (in T), triangularity , NBI heating power PNBI (in MW) and gas puffing rate e (in 1022 e/s) in the form:
 			(1)
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Figure 5. Predicted pedestal density plotted against experimental pedestal density using three different prediction methods. (a) Neutral penetration model with a flux expansion parameter E = 7, (b) neutral penetration model with a flux expansion parameter and (c) the parametrised density expression (Eq 1). The dashed line in each plot is a linear best fit to the data and all data points would be on the solid line if there were perfect agreement between prediction and experiment.
The second method for pedestal density prediction is based on the neutral penetration model described in [11]. The model is based on the premise that neutral fuelling at the plasma edge and the processes which affect neutrals as they penetrate into the plasma determine the structure of the density pedestal. It assumes that there are no impurities in the plasma, that fuelling only occurs at the plasma edge and that the plasma temperature is constant across the pedestal region. The neutral penetration model extends this and predicts that the pedestal width is equal to the ionisation length of the incident neutrals, a hypothesis that provides the following expression for the pedestal density:
, 				(2)
where <ionve> is the effective rate coefficient for electron impact ionisation, E is the flux expansion parameter defined as the ratio of the distance between two flux surfaces at the poloidal angle of the neutral source and the poloidal angle of measurement and Vn is the average radial velocity of neutrals and ne is the pedestal density width (in m) that is assumed to be the same as the pedestal temperature width. Since the radial velocity and the ionisation rate are dependent on the temperature, the pedestal density is solved self-consistently with the pedestal temperature for a given pedestal width by iterating Eq. (2) and the condition that the pedestal pressure height is fixed for a given width (e.g. through the EPED1 condition  or the KBM limit described in the previous section). 
The two methods were tested with a JET database using a fixed E=7 and E that depends on the fuelling rate by relation  ( is the total gas puffing rate in 1022 e/s) and the results are shown in Fig. 5. As expected the parameterised density model gives very good match with the experiment. The neutral penetration model with fixed E under-predicts the experiment at high density, but this is significantly improved by making E dependent on the fuelling rate. 
While the models described above allow improved prediction as the need for prescribing ne,ped is relaxed, their accuracy will have to be improved in the future. We have identified that the future models will have to include the particle transport processes in the pedestal as well as take into account pellet fuelling.
6. Self-consistent core-pedestal model (deliverable 8)
In the EPED model the core  is given as an input. However, in most experiments the achieved total  is not known in advance of the experiment. Furthermore, if the core transport is stiff, the core  depends on the pedestal height, which is the quantity that we are trying to predict. In this project we have used two methods to simultaneously solve the core and the pedestal in a self-consistent way, in which  is not used as an input but instead the heating power is specified.
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Figure 6. The self-consistent core-pedestal prediction of the pedestal temperature as a function of heating power (red) and the measured pedestal temperature in a JET power scan (blue) using the Europed-JETTO combined simulation (a) and a standalone Europed simulation including the density prediction with the parameterised density model (b). 
In the first method we use the JINTRAC code [12] to solve the core transport with the predicted pedestal information as boundary condition and then iterate self-consistently between Europed predicting the pedestal height and JINTRAC the core profiles. This iteration converges relatively quickly and has been successful in modelling a heating power scan experiment in JET. The self-consistently predicted and experimental pedestal temperatures are shown in Fig. 6 a). The experimental trend is captured by the Europed-JETTO self-consistent simulation. Europed can be run directly using the JINTRAC output, which allows automation of the iteration process. 
The second method for simultaneously is predict the core and the pedestal to use a simple core transport model described in [13]. In this model Te,core profile is described using the energy confinement time scaling IPB98y,2. The core temperature profile is scaled until the confinement time calculated by  , where W is the plasma energy and PL is the heating power, agrees with the confinement time calculated from the scaling. The diffusivity  profile that is used to calculate the core temperature profile shape is assumed to follow , and strongly increased  in the core (q<1) to represent sawtoothing. This is a relatively fast method, allowing for standalone self-consistent Europed simulations. We have used this method along with the parameterised density prediction for the same JET power scan as was done in the Europed-JETTO run. The resulting temperature prediction is shown in Fig. 6 b). While there is some disagreement with the experiment, the general increasing trend with heating power is well captured. One reason for the discrepancy is that the fast particle pressure that has a stabilising effect on pedestal instabilities is assumed to remain constant in the Europed scan, while in the experiment it increases with power. 
7. Edge bootstrap current measurement and modelling (deliverable 19)
The SAMI (synthetic aperture microwave imaging) system developed under this project was installed in NSTX-U for measurement of the pedestal current. The system operated as expected and pitch-angle data was collected. Figure 7 shows the comparison of the SAMI measured pitch-angle and the pitch-angle from the EFIT reconstruction for a single location in the pedestal region proving that the method works. However, before the full pedestal current profile measurements could be started NSTX-U had an accident that ended the campaign. The measurements will continue once NSTX-U comes back to operation. An improved SAMI system will be installed on MAST Upgrade in the near future. 
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Figure 7. The magnetic pitch-angle as a function of time measured by SAMI and EFIT reconstruction in NSTX-U pedestal.
A new analytic formula for the bootstrap current (jBS) in the pedestal of tokamak plasmas, based on global GK simulations, has been proposed [14], yielding generally smaller values of jBS than derived in the local approximation with the Sauter’s formula [15] and with the neoclassical code NEO [16,17]. The new formula, jBS(Hager), has been validated against jBS(Sauter) and jBS(NEO) calculations for a series of JET-ILW H-modes with varying pedestal collisionalities, as shown in Figure 8, and is now included in the HELENA equilibrium solver. 
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Figure 8. Comparison of three calculations of the edge bootstrap current jBS vs N, applied to six JET-ILW H-modes with varying pedestal conditions: blue = jBS from Sauter’s formula calculated within HELENA, red = jBS from Hagers’s formula calculated within HELENA, green = jBS calculated with the NEO code. Cases (a) and (f) are pedestals at low *, while (b) and (f) are pedestals at high *.
8. Extension of ELITE to low toroidal mode number (deliverable 9)
ELITE [18,19] was developed to efficiently calculate intermediate toroidal mode number, n, ideal MHD stability in the pedestal. The efficiency benefited from an expansion in toroidal mode number, which retains higher order terms to remain accurate down to n~4-5. However, the pedestal is often limited by low n MHD, such as the so-called Edge Harmonic Oscillation of QH mode. To meet this requirement required an extension of ELITE to low toroidal mode number. In collaboration with General Atomics, the analytic theory was developed to derive a pair of coupled differential equations for the two components of displacement perpendicular to magnetic field lines, and the ELITE code extended to provide a numerical solution of the eigenmode problem, yielding the growth rate as an eigenvalue. The basic structure of ELITE was preserved. Fig 9 shows a sample benchmark case for a high resolution equilibrium. For toroidal mode number n>5, there is excellent agreement in the growth rate between the new low n version of ELITE and the original version. At lower toroidal mode number, we compare with the MARG2D code [20], again finding very good agreement.
When there is strong shaping (as in this benchmark, for example) we find that convergence of the new low n version of ELITE requires many more poloidal Fourier harmonics, and much higher poloidal resolution than the original version of ELITE. This appears to be associated with the calculation of the perpendicular component of displacement in the flux surface, which does not seem to be affected by field line bending to the same extent as the radial component. We are exploring new ways to treat this to further improve the efficiency of ELITE in the future.
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Fig 9 (a) shows the poloidal cross section of the EFIT equilibrium used to benchmark the low n version of ELITE with the mode structure for n=5. (b) Shows the good agreement between the new low n version of ELITE and the original version for n>5, and with the MARG2D code at low n [21]
We have also extended ELITE to be able to treat non-monotonic q profiles. The safety factor, q, is used as the radial variable in the original version of ELITE, which causes problems when q is not single-valued, as can happen in low collisionality edge pedestals with strong bootstrap current. A new version of ELITE has been written to use poloidal flux instead of q. This works well for highly resolved “theoretical” equilibria. However, for less refined EFIT equilibria, where original ELITE still performs well, the mapping from q to flux is not as robust as we would like. We are seeking further improvements to the algorithms to use the original q variable in radial regions where q is monotonic, connecting those regions with a poloidal flux mesh where the magnetic shear is low; this is work in progress.
9. Development on non-linear and non-ideal effects on pedestal stability (deliverable 13)
Using the 3D non-linear MHD code JOREK, we have analysed a set of JET-ILW discharges to quantify the effect of non-ideal MHD terms on the linear stability of peeling-ballooning modes. It was shown that these effects can have a significant impact on the linear MHD threshold of ELMs, and that JOREK calculations were in relatively good agreement with their corresponding experiments. Thus, the use of a non-ideal MHD code such as JOREK could improve Europed predictions in cases where the ideal MHD calculations obtained by ELITE are in disagreement with experiments (e.g.  the high gas fuelling discharges in JET-ILW).
It has also been shown that when increasing the pedestal pressure from a stable to an unstable level, there are two distinct thresholds: a linear threshold and a nonlinear threshold. Although these two thresholds are not far from one another in terms of pedestal pressure (∼10%), the resulting ELM dynamics and amplitude is significantly larger in the nonlinear threshold crash. To obtain such a complete non-linear crash from JOREK on a systematic basis in Europed is not conceivable in the near future, as such simulations are numerically challenging and expensive. 
We have made significant improvements to the edge modelling capabilities of BOUT++, with applications to edge flows and stability. This includes new methods for calculating electrostatic potential, self-consistent evolution of Pfirsch-Schluter flows and currents, which could not be done previously in BOUT++. Several neutral gas models have been implemented, including fluid neutrals and a basic coupling to the EIRENE monte-carlo code. We have also made improvements to the mesh and coordinate system, to enable grids to better align with the walls of the device. Benchmarking of BOUT++ against ELITE has continued, and identified disagreements at low n which are being investigated. This work will be continued by a York/CCFE PhD student, jointly supervised between H. Wilson, B.Dudson and S.Pamela.
10. Summary of the full two year project to develop a predictive pedestal model
The project has delivered the code Europed that can predict pre-ELM pedestals without prior knowledge of density and global . The project has conducted a range of gyrokinetic studies and developed a pedestal gradient limit criterion based on the global gyrokinetics and found a tearing parity KBM-like instability that can play an important role in the pedestal evolution between ELMs. We have extended the ELITE stability code to handle arbitrary toroidal mode numbers, which is necessary for pedestals limited by pure peeling modes. The simulations using the non-ideal JOREK code has found good agreement of the pedestal stability limit with the experiment when ideal MHD would indicate that the plasma is far from the stability limit. Furthermore, the non-linear JOREK studies have shown that the linear limit for the peeling-ballooning modes may be below the actual ELM-triggering limit. A preliminary investigation of a model for small ELMs based on two instabilities alternating depending on the flow shear profile has been performed [22] and the work will continue as a post-doc project. We have conducted first measurements leading to the reconstruction of the current profile in the pedestal and implemented a new bootstrap current formula into our prediction code. The Europed model has been tested against JET experiments with good results. Further tests with MST1 devices will follow.
References
[1] Snyder P.B., et al Phys. Plasmas 12 (2005) 056115
[2] Saarelma S., et al. subm. to Plasma Phys. Contr. Fusion (2016)
[3] Saarelma S. et al., Nucl. Fusion  53 (2013) 123012.
[4] Abdoul P., et al. Plasma Phys. Contr. Fusion. 57 (2015) 65004
[5] Dickinson D., et al., Phys. Plasmas, 21 (2014) 10702
[6] Dickinson D., et al., Plasma Phys. Contr. Fusion  53 (2011) 115010
[7] Dickinson, D., et al., Phys. Rev. Lett., 108 (2012), 135002.
[8] Hillesheim, J. C.,et al., Plasma Phys. Contr. Fusion, 58 (2015), 14020
[9] Hatch D.R., et al., Nucl. Fusion  56 (2016), 104003
[10] Urano H, et al. Proc.43rd EPS Conf. Plasma Phys. Contr. Fusion, 4-8 July, 2016 Leuven, Belgium, O4.121
[11] Groebner R.J., et al., Phys. Plasmas 9 (2002) 2134 
[12] Romanelli M. et al., Plasma and Fusion Research, 9 (2014) 3403023
[13] Kim D. et al., Plasma Phys. Control. Fusion, 58 (2016) 055002
[14] Hager R. and Chang C.S., Phys. Plasmas 23 (2016) 042503.  
[15] Sauter O. et al., Phys. Plasmas (1999) 6 2834 and Phys. Plasmas 9 (2002) 5140.
[16] Belli E. and Candy J., Plasma Phys. Control. Fusion 50 (2008) 095010. 
[17] Belli E. and Candy J., Plasma Phys. Control. Fusion 54 (2012) 015015.
[18] Wilson H., et al, Phys Plasmas 9 (2002) 1277
[19] Synder P.B., et al, Phys Plasmas 9 (2002) 2037
[20] Tokuda S. and Watanabe T., Plasma Physics and Fusion Technology, 29 (1997) 113
[21] A Lunniss, University of York PhD thesis (2016)
[21] Bokshi A., et al., Plasma Phys. Control. Fusion 58 (2016) 075011
Appendix A. List of journal papers, conference presentations and student theses supported by this project
Journal papers:
P. Abdoul , et al. Plasma Phys. Contr. Fusion. 57 (2015) 65004
D.A. Thomas, et al. Nuclear Fusion 56 (2016) 026013
R. G. L. Vann, et al., Review of Scientific Instruments 87 (2016) 11D902
K.J. Brunner, et al., Review of Scientific Instruments 87 (2016) 11E129
J. Chorley, et al., Fusion Science and Technology 69 (2016) 643
J. C. Hillesheim, et al., Plasma Phys. Contr. Fusion, 58 (2015), 14020
A. Bokshi, et al., Plasma Phys. Control. Fusion 58 (2016) 075011
S. Saarelma, et al., “Non-Local Effects on Pedestal Kinetic Ballooning Mode Stability” subm. to Plasma Phys. Contr. Fusion. 

Conferences:
D. Thomas, 21st Topical Conference on High Temperature Plasma Diagnostics, Madison, USA (both an invited talk and a poster)
H. Wilson, 42nd European Physical Society Conference on Plasma Physics, Lisbon, Portugal (plenary talk)
C.M. Roach, 42nd European Physical Society Conference on Plasma Physics, Lisbon, Portugal (poster)
A. Lunniss, 43rd European Physical Society Conference on Plasma Physics, Leuven, Belgium (contributed oral)
A. Bokshi, 43rd European Physical Society Conference on Plasma Physics, Leuven, Belgium (poster)
A. Lunniss, 43rd Institute of Physics Plasma Physics Conference, Sabhal Mòr Ostaig, UK (contributed oral)
R. Vann, 58th Annual Meeting of the APS Division of Plasma Physics, San Jose, USA (poster)
S. Saarelma, Joint Varenna-Lausanne International Workshop, Varenna, Italy, 2016. (invited talk)
J. Martin-Collar, 2016 International Workshop on Numerical Methods for Kinetic Equations, Strassbourg, France (invited talk)
A. Bokshi EU/US TTF, Salem, USA (oral and poster)
H. Wilson, EU/US TTF , Salem, 2015 (review talk)
H. Wilson, ITPA Pedestal Group meeting, Ahmedabad, India, 2016 (oral)

Student theses:
A. Järvinen, PhD thesis, Espoo, Finland, “Radiative divertor studies in JET high confinement mode plasmas ﻿“
J. Leddy, PhD thesis, York, UK, “Integrated modelling of tokamak core and edge plasma turbulence”
A Bokshi, PhD thesis, York, UK, “'On the self-consistent response of tokamak microinstabilities to plasma profile evolution”
A. Lunniss, PhD thesis, York, UK, “Modelling Eruptions and Edge Stability in Tokamak Plasmas”
S. Biggs, MSc  thesis, York UK, “Gyrokinetic Simulations of Kinetic Ballooning Modes”

image5.png
1.6

1.4

1.2}

<
—

(v/*a)

© ©
o o

Om 10 0L

0.4}

0.2}




image6.png
13

12

11

10

Eigval = (0.113808290271+0.117695088928j)
Eigval = (0.169861335558+0.105186169807j)

Eigval = (0.0586193719246+0.108753824193j)
T
|
i
|

-3





image7.png
2.

0

o—e Twisting
e—e Tearing

0.01 0.02

0.03

0.04

0.05

0.06




image8.png
2.5

2.0

1.5

1.0

0.5

0.0

-0.5

o—e Twisting
e—e Tearing

0.04 0.05

0.06




image9.emf

image10.emf

image11.emf

image12.wmf

image13.wmf

image14.png
~ SAMI --- EFIT

kY I s
g :
2
E
2 o &
S =& S T Boge Zgidve

() o18ue yong @ NRSmPEL L od TN () (VIN) uauno
opuIpI000 Jouru s wwselg

Sumraneos ¥

paseuzoN

Time (5)




image15.png
s4797

gl

Boottra Gt/

®)

7342

oy

7316

on

Suw

o

541

oy

sa7ss

0

A





image16.emf
—150

200

250 300 350

R (cm)









Ch ap t er 4. Ben c h m ar k s & δWdiagnostic 4.6 . E FI T - s t y l e b e n c h m a r k F i gu r e 4. 11: n = 10 e i ge n functionsfortheD-shapednon-u p - d o w n - s y m m e t r i c t e s t c as e w h e r e : ( a) i s c al c u l at e d b y or iginalELITE,(b)iscalculatedby t h e ar b i t r ar y n E LI T E w i t h t h e h i gh n i n e r t i a ap p r o x i m ationand(c)iscalculatedbythefu l l ar b i t r ar y n E LI T E .

F i gu r e 4. 12: S h ap e of t h e h i ghresolutionEFITstyletestcasew i t h an n = 5 m o d e c al c u l at e d

w i t h ar b i t r ar y n E LI T E w i t h thefullarbitraryninertia.

arbitrary n EL ITE co d e wi ththehighninertiatermsfrom 2 ≤ n ≤ 9 , t h e i d e a l M HD

c o d e M AR G 2 D [ 9 6 , 9 7 ] f r o mn=1−9,andtheoriginalELITE co de from 5 ≤ n ≤ 9. The

n = 1m o d e w a sc a l c u l a t e d asbeinglikelytobestablebyarb i t r a r y n EL ITE. Th e r esu l t

of this b enc hmark is sho w ninﬁgure4.13,showingoverall excellen t agreemen t. The

s m a l l s y s t e m a t i c d i ↵ e r e n c e betweenELITEandMARG2D w a s p r e v i o u s l y o b s e r v e d in

a n e a r l i e r b e n c hm a r k o f t h i stestcase[101].Thereisalsoex c e l l e n t a g r e e m e n t b e t w e e n

t h e e ig e n f u n c t i o n s f r o m o r i ginalandarbitrarynELITE,il l us t r a t e d i n ﬁ g u r e 4 . 1 4 f o r

n = 5.

Al s o i l l u s t r a t e d a r e t hen=2,n=3andn=9eige n f u n c t i o n sp r o d u c e d u s i n g

fu l l ar b i t r ar y n E L I T E , a n dshowninﬁgure4.15.Noticeh o w t h e n u m b e r o f p o l o i d a l

harmonic s inc re as e s as n i ncreases. Alsonotehowthem o d e b e c o m e s m o r e r a d i a l l y

lo c alis e d to w ards the e dge asnincreases. Boththeseprop e rtie s are s e e n in all the

be n c h m a r k s t e s t e d , a n d be ginstoshowhowthelownmode s c ould e xte nd to the axis

o f t h e p l a s m a . T h e m a i n b a

l

looningenvelopecanbeseen i n a l l t h e mo d e s t r u c t u r e s ,

a s c a n t h e p e e l i n g c o m p o n ent,seenrightattheedgeofth e p l a s ma . T h e r e f o r e a l l 4

be n c h m a r k s v e r i f y t h e r e s u ltsproducedbythearbitraryn E L I T E f o r m a l i s m . He n c e ,

the f ormalis m c an b e us e d onexperimentalcases,theﬁrst e xample of w hic h is s e e n in
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Ch ap t er 4. Benchmarks&δWdiagnostic 4.7. ELITE-calculating the C matrix

F i gu r e 4. 13: B enchmarkofthearbitrarynELITEcodeforthehighres ol u t i on E F I T - s t y l e

t e s t c as e w i t h : t hefullarbitrarynELITE(bluedotsandline),thearbitr ar y n E LI T E w i t h

t h e h i gh n i n e r t i aapproximation(yellowdotsanddashedline),theoriginal E LI T E c o d e ( r e d

d ot s an d l i n e ) andtheMARG2Dcode(magenta),forn=2ton=9(

ar

b i t r ar y n E LI T E ) ,

n = 5t o n = 9 ( originalELITE)andn=1ton=8(MARG2D).

F i gu r e 4. 14: n =10eigenfunctionsforthehighresolutionEFIT-stylet e s t c as e w h e r e : ( a)

i s c al c u l at e d b y originalELITE,(b)iscalculatedbythearbitrarynELIT E w i t h t h e h i gh n

i n e r t i a ap p r o x i mationand(c)iscalculatedbythefullarbitrarynELITE .

ch a p t e r 5 .

4 . 7 E L I

T

E - calculatingtheC matrix

Th e EL ITE co dehastwodi↵erentmeshscales:thecoarsexmeshon w hic h the e quilib-

rium quan titie sareevaluatedandaﬁnexmeshonwhichtheeigenfunc tion c alc ulation

oc c u r s . T h e a r bitrarynELITEcodehastoperformmatrixmultiplicat i on s an d i n v er t

the C matrix, whichisnotpartoforiginalELITE.Thiscalculation of the C matrix

and its subsequentinversion,iscostlycomputationally.Theﬁrstversion of arbitrary n

E L I T E i n v e r t s andcalculatestheCmatrixontheﬁnemesh,where the w

m

matrix is

g e n e r a t e d , s i n c ethisiswherethecalculationofthematricestakespl a c e i n t h e o r i g i n a l

E L I T E f o r m a l i sm.AllthebenchmarksofthearbitrarynELITEco

d

e p r esen t ed i n t h i s

ch a p t e r s o f a r haveusedthisﬁrstversion.However,itiscomputatio n a l l y b e n e ﬁ c i a l t o

cal cu l at e an d i nvertConthecoarsemesh.Thisispossiblesincewhen all the terms are
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