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Abstract

METIS is a numerical code aiming at fast full tokdaplasma analyses and predictions. It combines
0-D scaling-law normalised heat and particle transwith 1-D current diffusion modelling and 2-D
equilibria. It contains several heat, particle amgurities transport models, as well as heat, garti
current and momentum sources, which allow fastan tteal time scenario simulations. This paper
gives a first comprehensive description of the MEHuite: overall structure of the code, main
available models, details on the simulation wonkfland numerical implementation. Some examples
of applications to the analysis of experimentathi@gges and the predictions of ITER scenarios are

also given.



1 Introduction

Integrated modelling of burning plasmas is an mssetool for the realisation of the ITER
program. For the first time in tokamak historyisitplanned that any plasma experiment run on ITER
must be first systematically simulated by an Ind¢gg Modelling tool to check that the pulse is
feasible, i.e. does exceed neither the physicaltim@rengineering limits of the machine. This tool
would include a Plant Simulator and a Plasma Cb®ystem (PCS) [1] Simulator, self-consistently
coupled in order to provide the most realistic datian of the plasma dynamics as well as the
diagnostics and actuator responses under the taftrine implemented PCS. For modelling the
plasma dynamics of entire experiments (from shitetr plasma breakdown to short before the plasma
termination), the present paradigm is to use sledd.5D Integrated Modelling codes, i.e. suite of
codes solving transport equations in the plasma éor energy, poloidal flux, particles, toroidal
momentum in the radial direction (one-dimensiomakpace) using flux surface averaged quantities
from 2D equilibrium solvers (in the poloidal plan8)ypical examples of such codes are CRONOS
[2], JINTRAC [3], ASTRA [4], PTRANSP [5], CORSICAG], TOPICS [7], and more recently the
ETS [8].

These codes integrate in a modular structure, drdgbe core transport equations solver,
various components for computing the equilibriuayrse/sink terms and transport coefficients. The
degree of sophistication of these components cay) fat the present trend is to use state-of-the-ar
modules, in particular for source terms and trartspmefficients, aiming at increasing the accuraty
the simulations. This naturally has a cost in cotmgutime, in particular when the sophisticated
module is located inside the convergence loop ef tbre transport solver (e.g. the transport
coefficient computation). Being intrinsically seauial, the workflow of such codes is difficult to
parallelize. While for simulation of short experint& of a few seconds, it is tractable to use trs be
available modules, simulation of ITER experimentsolr could last up to a few thousands of seconds
(hybrid or steady-state scenarios) represents gutational challenge. The multi-scale nature of the
physical problem is at the origin of this challengéasma turbulence, which is the main cause of
energy, particle and toroidal momentum transpartives on time scales of ~ %Gs, transported
guantities on a time scale of ~ 1s on ITER, while time scale for diffusion of the poloidal flux
occurs on ~ 1000 s in high temperature ITER plasrihs first-principle based transport models
usually show a high degree of stiffness (the outparisported flux is highly sensitive to the input
temperature and density gradients) creating a ricalechallenge for transport solvers. These are
typically using internal time steps around*I9in order to converge with such stiff transpoddels
for the simulation of transient transport phenomdnathese conditions, the simulation of a full

discharge on ITER with a 1.5D transport code usmghisticated modules typically takes a few days.
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While this remains acceptable for detailed scengitidies, for scenario or controller scheme design
one would benefit of having much faster tools thiéww testing and optimising a large number of
time-dependent scenarios in a computation time @hatvs interactive trial of scenario or controller

parameters from the user. Such a tool would alseebg useful to do a rapid inter-shot analysis of a
plasma experiment and detect deviations with rdéspean expected standard behaviour of the
experiment, which could be due to an erroneous uneagnt or to the occurrence of a new physics
phenomenon. Therefore such a tool, like the moneghistcated 1.5D plasma simulators, has

applications to both prediction and analysis okpla experiments.

This paper presents the METIS code, a fast trahsgotulator that has the properties
described above. METIS is built on an original difigation paradigm of the transport problem, and
allows realistic simulation of plasma scenarioalut 1 minute computation time, even for full ITER
discharges of ~ 1000 s duration. METIS is thereffaster than real time. METIS results have
supported several publications in the past yeaus,tlie description of its algorithm and models,
allowing the code to be faster than real time, t@ger been published so far. This descriptionés th
main goal of the present paper, The METIS modgrésented in section 2. Following this, details
about architecture and programming languages aenghn section 3 and the link to experimental
databases is presented in section 4. The varieposdible METIS applications together with some
detailed examples is given in section 5. Appendiges/ide a detailed description of the source

models.

2 Physical model

To be faster than 1.5D codes, one has to simgigyphysics model. This means a priori less
reliability of the prediction, i.e. one would expabat the overall result of the simulation dewsate
more from a real experiment. In order to keep ®ability of the simulation results one has to
carefully establish what are the aspects of thespart that can be modelled in a simpler way. Here
the underlying principles for the METIS design h&ezn the following: keep the 1.5D paradigm on
what can be reliably modelled with accuracy (tyfjcaplasma equilibrium and resistive current
diffusion). Use a much simpler, quasi-OD approamhvfhat is usually modelled with less reliability
even by sophisticated models in the 1.5D paradigpidally: turbulent transport). Keep in the model
the non-linear interactions between the transpaytexhtities, plasma equilibrium and source terms, i
particular the key phenomenon for fusion reactbet ts the self-heating via the fusion-born alpha
particles. Keep in the model a realistic modelliighe dynamic character of the sources and plasma
response, because we are aiming at realistic tepertent simulations. We describe now the details

of how these principles are practically implemeriteMETIS.



2.1 Plasma equilibrium and current diffusion

Among the quantities simulated by core transpodespthe plasma current density is the one
that is most accurately predicted in a large varieft experiments. In the absence of magneto-
hydrodynamic activity, the neoclassical resistisgems a valid diffusive model to describe resstiv
current diffusion in tokamak experiments, at ledsting the flat-top phase of the H-mode [9].
Therefore in METIS current diffusion and plasmaibloguaum computations are fully kept in the 1.5D
paradigm: i) a 2D equilibrium code is run periodligao update the metrics of the poloidal flux
transport equation in a way consistent with thesmpk pressure and current profiles; ii) the 1D

poloidal flux transport equation is solved with igdl terms.

The current diffusion equation is solved in terrhshe poloidal flux%; on a uniform toroidal
flux coordinateo grid, exactly as in the CRONOS 1.5D code [2]:
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where— is the time derivative of the poloidal flux at avgn radial positiop,,,,, o, denotes

pnorm
the parallel conductivity (calculated following tis&auter model [10])F is the diamagnetic function,
jni the current density driven by the non-inductiveirses, R the major radiust/, the magnetic

permeability of free space, 184107 in MKS units), p,,, the value ofp at the last closed flux surface,

and the normalised toroidal flux coordingg,,, =—. The notatior‘( > indicates a magnetic flux

m
surface average, defined as the volume averageguéatity around a flux surface of radial coordénat
P, i.e. in an elementary voluntd/ enclosed between two magnetic surfaces distadp.0fVe remind

0]
the definition of the toroidal flux coordinatg = }E where @ is the toroidal magnetic fluxg,

0
the vacuum magnetic field at a given major radigqusually taken at the centre of the vacuum
vessel). The normalised radial grid does not dementime, buta, is time-dependent and calculated
by the equilibrium solver.
Solving the current diffusion in the same way as ttaditional 1.5D integrated modelling
code is not a drawback from the performance pointiew since it corresponds to the transport
phenomenon with the longest time scale. To speetheigalculation, current diffusion is calculated

on a 21 points radial grid only and the 3-momergscdption (Shafranov Shift, ellipticity and
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triangularity) is used for the MHD equilibrium [11,12]. The lasbsed flux surface (LCFS) can be
either described by moments or as a series of (BoHjts. In this last case an additional morphing
(continuous deformation) is applied to flux surfate match the LCFS with effect weighted as:

p(x,0) = pmoment(x,6) [(1 — x°m) 4+ x°m —pucrs(6) ] 2)

Pmoment(1,0)

Where p,oment (%, 8) is the moment description of flux surfacedq the radial coordinate described
in next section ané is a poloidal angley,crs(8) is the LCFS poloidal representation given as a
series of (R,Z) point)moment(1,0) is the LCFS described by moment ang is an arbitrary
parameter. The valug, = 5 is typically used, as it has been found to minartize discrepancy for
geometrical coefficients involved in the currerifuion equation (1) for various devices (JET, Tore
Supra, JT-60SA, ITER) and scenarios, with respeetquilibria calculated using the HELENA code

[13]. The value of this parameter is kept tunalyléhe user.

2.2 Radial coordinate

For the description of all radial profiles, METISsas a uniform 21 points grid on the

normalized minor radiug, defined as follows: for each magnetic surface,rtinor radius is defined

Rmax—Rmin

asa = ————, whereRyax (resp. Rin) is the maximum (resp. minimum) major radius cdtth

surface. The minor radius is then normalized toalsie at the LCF&,, so thatc = ai

m

In H-mode, the top of pedestal, locatedcgt, is always set in METIS at the second point from th
edge. The internal grid of METIS ig = ‘;—’g(k — 1) with k an integer between 1 and 21 angd, =

X,0- Therefore, the width of the pedestal is always&%lasma minor radius. Use of a simple grid
with fixed step simplifies the numerical computatid his technical choice typically overestimates th
pedestal width which is about 2-3 % of the minatiwa in present experiments, but this has a very
limited impact on the profiles predicted by METMhich are based on scaling expressions for the
energy content of core plasma and the pedestahésoare not gradient based, see the section below)
We have checked that with a width of 5 % we haveuaithe same amount of bootstrap current (the
difference is less than 5%), integrated on pedestith in METIS than with a pedestal width of 2-3%
in CRONOS simulations.

2.3 Heat transport

The transport of energy in the core of tokamakmbsis dominated by turbulence. In spite of
enormous efforts and progress made by the fusionmumity to understand and predict plasma
turbulence, the prediction of the resulting tramsflax still features large uncertainties. Firstaeiple
gyro-kinetic codes are extremely expensive in tesfmomputing resources so that they can barely be

applied to the long-time scales of plasma experimddn the other hand, the existing reduced models



(e.g. GLF23 [14], TGLF [15], Qualikiz [16]), evenhen first-principle based, fail to capture
completely the complexity of the turbulence phenoanand their predictions are in some cases quite
far from the experimental results. This is partily true for plasmas at high beta and a signitican
fraction of energetic particles, where non-lineaygics becomes dominant [17, 18], but also for H-
mode plasmas where the fusion performance is fldiyinated by the height of the pedestal which is
still far from being predicted reliably. We toucterb the main paradox of present Integrated
Modelling, which is that the largest source of uteieties lies at the heart of the problem solved,
namely the prediction of the heat and particle érixMoreover, the reduced “first-principle based”
models usually feature strong dependences on theigmts of the transported quantities, which
requires using rather small time steps in the parissolver (typically ~ 16 s) if one wants a
numerically accurate resolution of the transpomadyics. This numerical constraint makes this type
of models difficult to apply to simulate a full IRedischarge lasting several hundreds of seconds. Th
is even more difficult in view of scenario optintisa studies where it is desired to test several
combinations of actuators, e.g. power, timing aachmeters, hence requiring a large number of these

long simulations and some manual trial and errocgss.

Therefore simplifying the heat transport modellagsumptions, which are both the largest
source of uncertainty and the largest CPU time wmsion in a classical 1.5 D integrated modelling
simulation, is an effective way of increasing therfprmance with the smallest impact on the
reliability of the results, in view of a fast sceioasimulator. In METIS, heat transport is treated
mixed OD — 1D approach in two steps, by separdtiegime and radial dimensions. This approach is
found to be quite successful for simulating themtinamics of the core plasma temperature profiles,
although it naturally has limitations for phenomdanawhich spatial and temporal evolutions are
coupled: for example, details of heat pulse propagdollowing a pellet injection cannot be resalve

and would require using a classical 1.5D solver.

The first step consists in solving a time-depen@&htequation for the plasma thermal energy
contentW,:

dWin Win
=th_ _“thyp 3
dt Tk + loss ( )

In this ordinary differential equation scaling esgsions for the energy confinement timeare
typically used, a multi-machine approach widely duder extrapolating present results to future
tokamaks such as ITER [19]. Although this apprdaas inherent limitations when non-linear physics
is dominant, it is still valid for a significantads of future plasmas [2@ss represents the total power
transported through the plasma separatrix by ddfusor convection mechanisms (detailed
expressions are given in appendix 8). Multiple isga¢xpressions are coded in METIS for calculating

the value ofr: in a self-consistent way with the actual paransetéhe expression dl, actually
6



depends on whether the plasma is in L or H modes ifformation, as well as the ability to handle L-
H and H-L transitions, is of course essential fdulascenario simulator such as METIS. The list of
available scaling expressions is of course easiignsible and could cope with e.g. new scaling laws
based on the future analysis of the ITER shot @atabin order to make METIS even more useful for

ITER operation.

The METIS code uses scaling expressions of thefdower threshold to deduce whether the plasma is

in L or H mode. Multiple options are available frahe literature and new ones can be easily added.
When in L mode, no pedestal is created and an Lersadling expression is used fpiin equation 3.
When in H mode:

* A pedestal is created. Its height can be prescribethultiple ways (constant or scaling
expression).

* An H-mode scaling expression is used#omn equation 1.

By default, the L-H transition is modeled as an iediate change of the value &fin equation 1.
Nevertheless in experiments, the transition frono lH mode is not abrupt when crossing the power

threshold. There is oftenRy,ss range slightly above the threshd®g,eshoia that yields an intermediate

confinement level. This can be mimicked in METIS bgfining a linear transition ii}goplL
threshold

between the L and H mode energy confinement scakpgessions. A detailed explanation about how

Poss IS calculated is given in the appendix.

The second step consists in calculating the elecirad ion temperature profiles, assuming
steady-state transport equations and purely ditusiansport, the heat flux at a radial positiocax

be expressed as:

aTe _ —Jy VIQe ori _ _ ~ L Ve

=—————and— = ———— (4-a)

0x  mexeVi(IVpl?) 0x  myxiVi(IVpl?)
Or alternatively the conductivity can be used iadtef diffusivity :

o _ Vi@ 0T _ —J Vi
ax K VI{IVpl?) x Kk Vi(IVpl?)

(4-b)

whereQ, andQ; are the sum of all the electron and ion heat goteums, including the equipartition
term Q.. The diffusion coefficients for electron and ioase noted respectively, andy;. The
conductivity coefficients for electron and ions aveted respectively, andx; (linked to diffusion

coefficients by x,; = n.;x.;). The geometrical coefficiemt'is the derivative of the plasma volume
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enclosed in a magnetic surface with respect tonthenalised minor radiug, while (| Vp |?) is the
surface average of the squared gradient of thedardlux coordinate. We note that although the
temperature profiles are solved using steady-sigiations, the dynamics of heat transport canbstill
accounted for by the first equation (on the globakrgy) which is time-dependent and used to
normalize the heat conductivities andk; (or alternatively the diffusion coefficiengs, andy;).
Validation against experiments shows that this exprated approach is relevant for the description
of transient phenomena at the scenario level {egsport dynamics during current ramps). Note also
that with this formulation, the temperature prcfilealculated by METIS take into account the

information on the radial distribution of the heaurces.

To complete the second step, the diffusion caefits used in the equations (4) must be
calculated in a way consistent with the energy eainthat has been calculated at the first stegs iEhi

done differently in L and H mode.
In L-mode:

i.  The dependence of the electron diffusion coefficiem plasma parameters or on the radial
coordinate is prescribed. Multiple options are ebde METIS and new expressions can be
easily added. Three widely used options are a) Bghwm-Bohm model [21,22] b) fixed
radial dependence of the typge = x,(1 + Ax"); whereA and y are constants chosen by the

user (the default values axe= 3 andy = 2, or C)x. = x0q" (x) ; where q is the safety factor

and y is a constant chosen by the user.

ii.  The ion diffusion coefficient is calculated frometkelectron one with a simple expression of
the type:y; = peix.. Oftenu,; is prescribed to be a constant, but it can alsprbeided by
other analytical expressions [23-26]

iii. Steps i and ii yield the radial shape of the difiascoefficients and their relative value. The
coefficients are then normalized in such a way thatthermal energy content obtained from

the integral of the pressure profile correspondth®ovalue calculated from equation 1, i.e.

% 1:0(neTe + n;T;))V'dx = Wyy,. In order to have an exact (inverse) proportidpaklation

between the normalization factor of the diffusedtiinvolved in equations (4) and the energy
content, the contribution of the boundary cond#iy, crs andT; ;crs to the integral must be

removed. Indeed equations (4) define only the teatpee gradient, therefore the temperature

profiles are defined &B(x) = Tycrs + fxa—idx, in which only the second term is inversely

19
proportional to the diffusivity. The contribution the integral of a finite LCFS temperature

represents an energy contétiy =%fxlzo(neTe,chs+niTi,chs)V'dx- The normalization
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constant of the diffusivities is therefore calcathfollowing the relatiod I 1_ (ne [ *0Te gy +
27x=0 1 ox

x OT;

n J; == dx)V'dx = Wy, — W,.

To complete step 2, a convergence loop on the textye profiles resulting from this process is
performed in order to find the self-consistent eahf the equipartition tern®@.; in equations (4),

which is proportional td. — T;.

In H-mode, the procedure is similar to that of thenode, with the only difference that the
pedestal top is used as the boundary conditiothointegration of equations (4). A scheme of saich

procedure is shown in figure 1.

tot

PU
P e
pe V Pcritical
PLCFS W :
0
0 I P X
0 X 1

Figure 1: Calculation of the plasma energy content. The energy is decomposed between offset (W0), pedestal (Wped) and
core (Wcore).

2.4 Electron density profile

Particle transport is also dominated by turbulehcevever the level of understanding is lower
than that for heat transport. The existence ofifioggmt inward and outward pinches which in turn
depend on the accurate description of turbulengeires a significant amount of computational time
if a first principle approach is used. Additionallynlike for heat transport, the sources unceitsnt
are significant close to the pedestal region. @nather hand, a significant amount of work has been
performed in order to characterize some densityufea, as the peaking, by analysing extensive
plasma tokamak databases [27]. In METIS, an apprtzat is even simpler than for heat transport is
chosen, based on the prescription of some quamtitie



The primary quantity for determining the densitytbé plasma species in METIS is the electron
density profile. It is described by 3 parametensiciv can vary with time:

i. the line-averaged densitig), which is prescribed

ii. the peaking factoz%which is either prescribed or computed with thephef a scaling

expression (to take into account self-consistepeddencies on plasma parameters, various
options from the literature are available, with @®t of scaling expression for L-mode and
another one for H-mode)

ii.  the density value at the separatnig £) obtained from simple models or scaling expression
depending of the plasma configuration: poloidal item toroidal limiter, axisymmetric
divertor with X-point. In the last case (X-pointhet expression depends also of the
confinement mode L or H.

In L mode the shape of the profile is defined as:

ne(t' x) = (ne,o (t) - ne,a(t))(l - xz)Vn(t) + ne,a(t) (5)

ne(t,x=0)
where v, = R

In H mode, in order to ensure that the pedestallde present in the electron density profile, the
density profile is computed by another method. @éesity profile is constrained by the line-averaged
value, the peaking factor, the constraint of flaifie at the centre, the edge value and the caimstr

that the temperature profiles are strictly monatally decreasing. A piecewise cubic Hermite
polynomial interpolation is used to compute thefiggpcalculating the pedestal density that fulfils
those 4 constraints: the electron density is gi&e®® points: at the centre (x=0), at the top of the
pedestal (x= 0.95) and at the edge (x= 1) withcthestraint of null derivative at the centre. Thiuea

at the top of the pedestal is computed as the n@xialue ensuring negative derivative of electron

temperaturgwith a minimum 010.01 (T,o — Teq) )

2.5 Post-processing of temperatures and electron density with neural
network based models

From the results of an initial METIS simulationjstpossible to compute as a post-processing the
electron temperature, ion temperature and electemsity using more sophisticated transport models
than the scaling-based ones. For this post-praagssiration to remain of the same order as the one
of the main METIS computation, neural network basedlels such as Qualikiz-NN should be used,
which are approximations to quite sophisticatedgpmrt models [28]. This allows comparing the
prediction of such more physics-based transportatsdo the scaling based-ones. In this calculation,
the steady-state transport equation is solved frentop of the pedestal to the magnetic axis and
keeping the sources, current density profile andliegum from the result of the initial METIS
simulation. The steady-state solution is thus dated for each time step using physics-based
transport models. However, in order to keep adastputation time, this is at the expense of losing
the self-consistency between transport, equilibyiand sources.
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2.6 Ion species

In METIS, all ion species density profiles are assd to be proportional to the electron density
profile, with exceptions of the tungsten specied aalium ashes, which have specific treatments (see
Appendix 10.1 & 10.2). Alternatively to this simpéssumption, one can use a simple neoclassical
model based on impurity shielding/accumulation,ilsinto that one used for tungsten. However in
practice this model is not frequently used, asulemit transport remains generally dominant over the
neoclassical one for light impurities.

The user also specifies the reference effectivegeh@ine averaged) for the plasrigs s, which is
either prescribed as a time-dependent value ofrcealistently calculated from a scaling expression.
This value is called “reference”, although it idsas the exact effective charge of the plasma when
the main plasma species are H, D, He. A correasi@pplied in the case of D-T mixture to accoumt fo
the presence di, ,.n.s resulting from the D-T fusion reactions and ineca$ presence of tungsten
impurity. It thus represents the effective chargabsence aff, ,5,.s and tungsten.

Then, various types of plasma compositions, wheehto be consistent witfi, s, can be prescribed
by the user. METIS first calculates their volumesi@age densities, from the rules explained below,
then applies the radial profile option (by defaglime profile as the electron density) to theseagee
densities.

METIS distinguishes the following types of ion sjgsc

* Main species: can be H, D, D-T mixture, or He. &3 of a D-T mixture, the user prescribes

the isotopic density ratig»lll; and a specific treatment is applied for the Helidemsity (see
D
section 10.1)

* Minority species: in case of lon cyclotron Resortdeating (ICRH) minority heating, the user
can specify the type of one minority species (HTPHe3 and He4 ) and the average density
ratio of the minority species with respect to th&imion species

» Impurity species: two additional impurity species®de included, the user specifies their type

as well as their relative average density r%}'%&;
imp,2

» Optionally, the tungsten species can be addes tieated separately, self consistently with the
divertor to provide feedback on the tungsten so(see section 10.2).

Computation of the ion densities

The specification of the plasma composition and derage density ratios as described above,
together with the effective charge and electro+radity constraints, provides a linear system with

equal number equations and unknowns and thus aléaleilating the average density of all ion

species.

The final value of the effective charge is compuégth the whole set of profiles including helium
ashes and tungsten.
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In the presence of Helium ashes or Tungsten imptinie effective charge is modified and become:

Zeff (t,x)

ny(t, ) + np(t, %) + np(t,x) + 4 e (%) + 2 1 Mimp1 (6%) + Zi 2 Nimp 2 (6,X) + ZE averagea(Te (6, x) )y (¢, %)
B ne(t,x)
(6)

Verifying (in case of D-T plasma):

ne(t,x) = ny(t,x) + np(t,x) + nr(t,x) + 40y (t,%) + Zipmp 1 Mimp,1 (&, x) +
Zimp,z nimp,Z (t' x) + ZW,averaged (Te (t' x))nW(t' x) (7)

(nimp,l) (nt)
—(nimpz)nimp,l yNr = ) np andny = ¢y np

W|th nimp,Z -

For other main ions choice the formulation is updais follows:

* Hydrogen main ion: if the minority species is nauterium n, = % ny andny = 0,
D
otherwisen, = (22_;;"' Cmin) ny andny = 0,

e Helium main ionnp = ny = ny =0; if ICRH minority heating scheme using H, D or T
thenny pr = Cmin Ne

2.7 Plasma rotation

An estimate of the rotation is carried out in METHBainly taking into account the effect of neutral
beam injection and intrinsic rotation. Simple madate used to handle toroidal rotation due to [eral
electric field and lower-hybrid current drive (LHEDThe effect of ripple losses is only taken into
account for Tore Supra, device for which a scabmnipts [29]. The toroidal rotation due to fast ion
losses and to fast ion momentum transport are al@nt into account, because there is no simple
model available for these. No feedback of the mabn the standard confinement is taken into
account. Toroidal rotation only impacts the ITBrf@tion.

The simple model implemented in METIS is sufficiémt the study of Neutral Beam Injection (NBI)
dominated plasmas, as well as for reactor studieshich the fast alpha distribution is close to be
isotropic and does not allow to transport a sigatfit part of toroidal momentum [30]. This simplidie
model does not allow studying plasma rotation wtienplasma is heated mainly by lon Cyclotron
Resonant Heating (ICRH), when ripple is significantother devices than Tore Supra, or when the
confinement of fast particles is poor (i.e. whea tast particle orbit size is comparable to theanin
radius of the plasma).

The computation of rotation in METIS is separatedthree parts. The first part consists in the
evaluation of the volume-averaged toroidal momentiline second part consists in the evaluation of
rotation at the LCFS. The third part consists i& tomputation of the radial profiles of toroidadan
poloidal rotation velocities and finally of the raldelectric field.

The volume-averaged toroidal momentum computasoanialogous to that of the energy content. A
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general discussion can be found in [31]. The to@mentum is defined as:

1 !
Reor = fo Zke{species} MyAxN RV V dx (8)

wherev,, . is the toroidal velocity of the speciesrk, the proton massg}, the number of nucleons of
the speciesy, the species densiti the geometrical major radius of the flux surfa@éth this

approach, the contribution of electrons is negtktbiecause of their negligibly small mass.
The evolution equation dt;,; is:

dR R
ac = g T Sensit Spseir t Sorr + Spm T Sprippte + Fuo (9)

where the toroidal momentum confinement tirpes assumed to be related to the energy confinement
time 7 (see below for details) and includes the frictidrihe plasma with neutrals at the edge. From
R, we deduce the volume-averaged plasma rotai;pnc —W|th I, is the conversion factor

TyRaxis

between velocity and momentum:

I

o= f Zke{spectes} mpAknkquo shape V'dx (10)

(V(p Shape)

1 /]
fo Vg, shapeV ' ax

and(”(p,shape) = fl Vdx
0

With v, spape IS the profile of toroidal rotation as describegldw (assuming that all species have
same rotation shape profile) aRgl;; the center of each flux surface.
Momentum sources are due to:

1. Neutral beam injection toroidal moment source :

2eE
Spwet = Zoet 1My [y Raxe () 2L / Eho 1, (V' (x)dx (11)

With R, is themagnetic axis of each flux surface; pyp;, (x) is the profile of power deposition due to
NBI ; u,(x) is the profile of pitch angleu(= %), my, is the mass of injected species; Ejpq IS the
injection energy in eV and e the electron charge.

This expression implies momentum conservation, vfsdrue if fast ion losses are negligible.

2. The intrinsic plasma toroidal rotation source is:

S = loself (1)
T

@, self —
The intrinsic plasma rotation, .. is given by a scaling law time a factor:

17(,0,self = fintrinsic v(p,scaling (13)

Wherev, scqiing IS €ither:
* Rice scaling is taken from [32] :

(p scaling — = 0. 46101131}; Pl 01_1 9Rref (14)

2 (W- Wth)

P - 2<eT Zke{speaes} nk) + (15)
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This expression fok, takes into account the fact that for dominant etecheating the spontaneous

toroidal rotation changes only because of ion pmesgcreased. On JET it was found that for NBI
heated plasma, the thermal pressure is close ttirtves the ion pressure.

* Barnes and Parra scaling [33] for which we haken@aT; = —22 “’“;
» deGrassie scaling [34] for which we have takaf; = —22‘:""; )

This definition ofAT; is the best generalization of the experimentalsueament used in papers that
can extend the implementation of the formula to NEET

The factorf,+rinsic 1S €ither provided by the user or computed usiegnhodel described in [35].
3. RF driven rotation source terms:

This source term correspond to the toroidal mortrantsferred from RF waves to the plasma [36]:

Ryermy, Rye
Serr = = 2Dy — 1) =22 Py in — Secep — > Pecru (16)

WhereD, 4 is the directivity of LH wave. The parallel reftae index of the EC wave is assumed to
be near the optimal value to maximized currentedetficiency §...q~0.5) R.s is the geometrical

center of the plasmaR(..r = R’"“"ZM).

4. Rotation source due to parallel electric field:

This term is negligible during flat-top but impantaduring ramp-up and also because it breaks
the symmetry between co and counter current [37s Term reads:

me Tp Mefflg+I
Sypp = e l¢efflatlrun (17)
L emy Ty Zeff (Ne)Sp

WhereM, is the effective mass of the plasm@the ohmic current ang,,;,, the electron
runaway currentn.) is the volume averaged electron density §nthe plasma poloidal
surface.

5. Friction on cold neutral:

At the edge of the core plasma, the rotation isvatbdown by the friction with cold neutrals coming
from recycling and gas puff. The main contributioomes from charge exchange between cold
neutrals and plasma ions. This term reads:

1 1
Fpo= —my, fo (ZkE{H,D,T}Ak ng )(Gv)chaxe% noV'dx (18)

wheren, is the density of neutral hydrogen isotopes (8¢@endix 7.11){ov)., the rate for charge
exchange reactions. This factor is implemented @ly1/D/T plasma.

The confinement time of toroidal rotation is obsahto be a fraction of the energy confinement time
[38, 39] and often close to the ion confinementtim

Ty = fr,rot min(TE'Tii) (19)
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e fol n;T;V'dx

With Tii = _fol(Qi"' Qe,i)V'dx

and f; ,..¢ is an adjustable factor of order of one.

Usually, the edge value of plasma rotation is famf being null. We use a simple model to determine
it assuming there is no friction with the SoL ahéd bnly damping term is the friction with neutrals.
Additionally, we assume that momentum is purelyvaative at the edge. The edge rotation reads:

(S(p,NBI"'Sq),self"' S(p,RF+S(p,E|| + S(p,ripple)
z:ke{species] Agng
ZkE{s;f)ecies} Zgng

(20)

Rtot,edge =
Mp Nout Rref— Fno

wheren,,; is the flux of ions exchange through the LCFS thantains contributions from
interchange, cold neutral fuelling, pellets fuadliand neutral beam injection:

(@t Qu)V dx

n 2
out — 5 eTiq

S, P
+ % + Spellet + %:; (21)
The first term in RHS of equation 21 is, in mostcakes, the main contributiong, ;; others terms
being negligible. Nevertheless, with only this ffitearm, the prediction of edge rotation can become
unphysical during early ramp-up phase and duringestransients. To prevent this to happen, terms
taking into account particle sources have beenchdde

The third part of this calculation consists in atireation of the radial electric fiell.(x), poloidal
(Vo,imp) and toroidal ¥, ;1) rotation of the main impurity, in the plasma etquial plane (Z=%y) at
the low field side. We assume that the toroidaluagrotationw, (x) is homothetic to a chosen
kinetic profile (usually the ion temperature, whicas been found to be a good proxyWgg,, in
JET NBI-dominated experiments) and preserRgs with boundary condition edge value given
above. By using formula (8.22 & 13.1) from [40],iglting it with mass and density and summing on
all species and flux averaging it (see referencav)are able to compute the radial electric ffeddn
w,(x) , pressure gradients and poloidal rotation estondV ,, = w By):

aw 1

my d(Ting)
w — ———

E, = ap

Sctspectes) (3220 = my P () 22) | (Vpl) (22)

Zke{species} mpnyg
The poloidal rotationlfy ;) is estimated using either:

 The Kim formulation [37] that provides the poloidaltation in a plasma composed of one
main ion and one impurity

* Assuming no friction between ion species and utiegormulation from reference [41]
* Assuming all ion species have the same toroidatioyt
» Assuming solid plasma rotation, il&; = 0

To compute the toroidal rotatiol;,.,,), we applied equation 15 in the reference [2].

2.8 SOURCES
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METIS includes fast solvers for the computationttod source terms for the current diffusion
equation (1) and the heat transport equation @Ha), where electron and ion energy sources are
distinguished. A source term is a radial profileieithis also time-dependent and evaluated at each
time slice of the METIS simulation. The source tgrane also recalculated at each step of the global
convergence scheme in order to obtain a self-cméisolution. Therefore, the source modules are
chosen to be fast and simple enough to avoid imgetlie overall computation speed of METIS.
Particle and toroidal momentum profiles being redtelated from the usual transport equations, they
do not require the calculation of “source terms”tive classical definition: the external input of
particles and toroidal momentum are treated diffdéyesee sections 2.4, 2.6 and 2.7).

The source terms of the transport equations caaither prescribed as time-dependent radial
profiles or calculated consistently with the sinteth plasma characteristics. The source modules
calculate also (when relevant) the neutron ratetddigsion reactions (either from thermal or engoge
ions), as well as the fast particle pressure (fgrahd perpendicular to the magnetic field) du¢hie
heating scheme. Those quantities are not direatlglved in the transport equations, though the fast
particle pressure contributes to the total pressme thus enters the equilibrium calculation as an
input. They are however very useful quantitiesdomparison of the simulation to an experiment and
data consistency applications (neutron producttred energy) as shown for JET [42].

Several source terms have been included in METtH sis NBI, ICRH, Lower Hybrid (LH),
Electron Cyclotron Resonance Heating (ECRF), pellétsion reactions of thermal ions, ripple
effects, ionisation from wall recycling/gas puffingadiative processes. In general, a simplified
description is used for each source term which,then other hand, is sufficient to have a first
evaluation on their impact on the main plasma aharsstics. A detailed description of the different
sources is given in the appendix.

3 Numerical algorithm

METIS is coded mostly in MATLAB language and congisome mexfile in C and FORTRAN
allowing to speed-up the computation (for intergiolmand PDE resolution).
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Figure 2: Overview of METIS internal organization
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3.1 Global convergence in time and non-linearities

A key challenge in plasma physics is the strong-livear coupling between plasma profiles,
transport coefficients and source terms of trarispquations, as sketched on figure 2. In classical
1.5D integrated modelling codes, in order to tad®uaately into account these non-linear couplilags,
convergence loop is usually carried out at eacle step, which is very expensive in terms of CPU
time. In METIS, in order to use large time stepd aiming at a fast Plasma Simulator, an original
numerical algorithm has been developed, similaa Wwaveform relaxation algorithm [43]. It consists
on a global convergence loop on the whole timewgiai of all plasma quantities, notgdat iteration
N. At each iteration of this main loop, a new tinmelation of all plasma quantitigs(gy) is calculated
in a step-by-step update (starting from ghe¢ime evolution) of the quantities involved in ttnansport
equations. This new time evolutiéifgy) is then combined to the one of the previous ii@natia an
oscillation damping scheme (to ease the global @m@nce), providing the resulting time evolution at
iterationN+1:

In+1 = ay F(gy) + (1 —ay)gy (23)

Whereay is an oscillation damping coefficient varying withe iteration number. We use
ay+1 = 0.95 ay for the 21 first iterations anely,; = 0.3 a afterwards. The maximum number of
iterations is set to 31. The loop terminates whmenrélative change betwegig,) andgyfalls below
a requested value (£0n “coarse” computation mode andid “detailed” computation mode).

Additionally, to be able to solve ODE and PDE fowydime step size, METIS uses, for time
integration, an exponential integrator solver [%4,4

3.2 Graphical user interface
The METIS code can be used from command line autyin a graphical user interface (GUI). This

GUI makes the code user-friendly and allows to mpetsize and run simulations in an easy way. The
GUI provides also predefined graphics and a geneoicto browse and plot data.

Metis

) Parameters Load Save () Export Create reference ) Compare (_) PDF ouput Expert =
Waveforms & data edition
) p Nbar ) Zeff ) Xecrh B0 ) nT/nD Flux Create flux
) ECRH ICRH ) LH ) NEBI H factor ) FT_NBI Time edition Clear external
RO 20 a ) K d ) Separatrix de-noising External data
Command
Run METIS Run METIS in fast mode Operation point (_) Fit of LH efficiency & Wdia (_) Evolution () Restart
Visualisation
) power ) energy () confinement temperature density ) simulation summary LH wave Sawtooth ) QIKANNK
current ) equilibrium (_) LH efficiency geometry nu* & rho* ) Ne & Te exp. convergence Coherence OP + QIKANNk
) Neutrons ) Er () Radiation ) Overview Profiles ) 2D equi. NBI JET Divertor ) Breakdown
) L->H ) Flux Consumption () Shine through () Data browser () HH & HL ) Gas balance ) 2 points ) ramp 2pts ) cost
) Quit ) Initialisation ) Help

Figure 3: Main window of METIS GUI
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Figure 4: METIS data browser windows

4 Link to tokamak databases, infrastructure and other codes

4.1 Reading input data from experimental databases

When doing simulations based on existing experig)esgveral plasma measurements are
used to prepare the input simulation file. The asd® experimental databases is handled by tools
included in METIS and usable through the METIS GUhe database access is however decoupled
from the simulation itself: it is done entirely bed the run. After database access, any signabean
edited and modified using the METIS GUI.

The access to experimental databases is donetokamak dependent routine which maps the
database variables onto the METIS data structdfer some of the tokamaks already coupled to
METIS (JET, TCV) database access is done via MD&SW and Tore Supra data access is done
using the local TSLib library and the ITER Integ@dtModelling Analysis Suite (IMAS) [46]. METIS
is also integrated in the Integrated Tokamak Maaigl{ITM) suite of codes [8]. METIS allows also
for WEST and Tore Supra to perform pre-shot sinmaby means of direct access to the Plasma
Control System (PCS) configuration data. For COMBABIETIS uses a local mechanism to read the
database. For other tokamaks (DIII-D and EAST)adatteparation is based on a dedicated pre-
processing tool. Data access routines also appgifep default simulation parameters for each
machine. Additionally, for future machines sucHBSR, DEMO or JT-60SA, METIS GUI includes a
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dedicated scenario generator allowing an easy matpa of scenario template. METIS is also
delivered with a set of reference simulations T6OSA and for WEST.

METIS input data are made of the following waveferm

* boundary condition for the current diffusion eqaas (plasma current or poloidal flux at
LCFS)

e injected power for heat sources

« effective charge

* line-averaged density

* plasma geometry (either moments or LCFS points).

e isotopic plasma compositioﬁfo for reactor plasma
d

» confinement enhancement factor
e isotopic composition of NBI?@ for reactor plasma OIII:ﬂ for standard plasma)
D D

and scalar parameters describing internal physiosdeinconfigurations, sources configurations and
numerical scheme configuration (about 200 pararseter

Additionally, METIS internal data can be constrairi®y experimental data or data computed by other
codes. METIS can use external data for: electramsitie electron and ion temperatures, toroidal
rotation, any additional heating (the shape of déjom are renormalized to the prescribed input
waveform), line radiation, & (profile) and runaway electrons current.

4.2 Link to IMAS and CRONOS

Originally METIS has been conceived as a modulthefCRONOS [2] suite of codes. Later METIS
became an autonomous code and was further devel®pedpresent version still preserves the link
with CRONOS that allows preparing a METIS simulatiessing CRONOS data, comparing METIS
results to CRONOS results and converting a METI& dat into a complete CRONOS data set. All
this can be performed through the GUI of METIS a@@ONOS. Additionally, METIS can use
CRONOS data (for kinetic profiles and sources)dadtof his internally computed data.

METIS is also completed link with the IMAS infrastture (and on the same way with WPCD
EUROfusion infrastructure, that is very similarIMAS one). METIS can read in input simulation
through UAL (Universal Access Layer) and wrotedsults in IDSs (equilibrium data, kinetic profiles,
all sources and many other data). METIS can beasua standalone code in IMAS infrastructure or as
an embedded actor inside a KEPLER actor.

5 Some applications of METIS

Since METIS is basically an integrated transpativer with simplified assumptions and
treatment of some of the transport equations, it ba used for most applications of classical
integrated transport suites, providing a first fater but yet meaningful alternative to such suite
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A predictive simulation of the ITER hybrid scemais presented here in order to illustrate the
typical quantities that are produced by METIS. Bhenario addressed in this simulation is the ITER
hybrid scenario assisted by ECCD previously sineddty CRONOS and presented in Ref. [47]. For a
given LCFS (analytically prescribed or computedabfree-boundary equilibrium code), METIS can
predict the plasma equilibrium evolution from timéial phase (post-breakdown) to the flat-top (and
eventually the ramp-down phase too). This is itlatsd in Fig. 5, where poloidal plots of the flux
surfaces are shown at 4 different times.
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Figure 5: METIS simulation of ITER hybrid scenargmapshots of computed equilibrium evolution, fritwe
ramp-up phase to the stationary flat-top phase.tfick black curve represents the ITER first wtike red curve
is the LCFS (assigned as an input in this simutétio

The results of the simulation can be examined bitipy many different quantities. In addition teth
2-D equilibria shown in Fig. 5, time evolution ofor space-averaged quantities or radial probifes
space-dependent quantities at given times candpdagied. An example of the former is shown in Fig.
6, where plasma current, central density and Qofaefined as the ratio of fusion to additional
heating power) are plotted vs time in the top paaetl the various powers that heat the plasma are
plotted in the bottom panel. Note that plasma auir@nd additional heating powers are input
waveforms of the simulation, whereas central dgn€ltfactor and alpha power are computed outputs
of METIS. Computed profiles are shown in Fig. Md#ferent times: safety factor (left) and electron
temperature (right). Note that the q profile il stowly evolving after 500 s and finally attaitie flat
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and close to unity profile, typical of the hybridemario. The plots of the electron temperature show
the evolution of both core and pedestal temperatuaies.
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Figure 6: METIS simulation of ITER hybrid scenarime evolution of various quantities, used as thpu
waveforms or computed by METIS. Top: plasma cutreantral density and Q factor. Bottom: NBI, lon
Cyclotron, Electron Cyclotron and alpha powers.é\thiat lon and Electron Cyclotron power waveformes a
nearly superposed.
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Figure 7: METIS simulation of ITER hybrid scenarammputed safety factor profile (left) and electron
temperature at different times (right).

This METIS simulation took a computation time oétbrder of one minute, producing results at 21

spatial points and 100 time slices. Runs on a mefieed time set are of course possible and have
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been used, in particular, to describe the evolwibthe equilibrium in the ramp-up phase shown in
Fig. 5. Now the question is how these results campath respect to a much more time consuming
CRONOS simulation of the same scenario (typicadlyfactor 10 longer). Apart from the trivial
difference related to the more refined spatial gsfd CRONOS (101 points), the two types of
integrated modelling simulations have of coursded#int characteristics: CRONOS requires fewer
adjustments of free parameters, because it consawsral first-principle models, for sources and
transport coefficients. Conversely, a number ofipaaters have to be tuned in METIS, such as, e.g.,
heat transport coefficient profile, location anddthi of ECRH deposition, density peaking, etc.
However, once this parametrization is done, itsisally valid for a large class of similar scenaidosl

the impact of variation of the typical tokamak diaoge actuators (plasma current, average density,
power waveforms, etc.) or physical parameters @iofa impurity level, pedestal height, etc.) can be
studied.

Snapshots of the equilibria in the flat-top phase presented in Fig. 8, computed by
CRONOS using the HELENA equilibrium code (i.e.,l fsblution of the Grad-Shafranov equation)
and by METIS (i.e., solution of equations for mortseaf the equilibrium, plus morphing function).
For both simulations, the same LCFS has been asbigs an input. The shapes of the flux surfaces
look very similar; some differences are seen intipalar in the bottom area, which could be
minimised by fine-tuning the parameters of the rhorg function. The differences between the two
equilibria can be analysed with further detail bgt§ing specific quantities related to the equiliion,
as shown in Fig. 9. Here again, the differencesnairemal, and affecting in particular the region
beyondp = 0.5. The time evolutions of several global giteast are compared in Fig. 10. Differences
are found (e.g., the alpha power level is somewdwer in the METIS simulation, li evolves in a
slightly different way, etc.). Nevertheless, norieh® important features of the scenario evolutes,
found in the CRONOS simulation, is missed by METT&e main reason for this is that METIS has
the same type of non-linearities and interplaythefvarious quantities as CRONOS, only treated in a
more approximated way.

CRONOS

Z {m)
D

4 B 10
R (rm) R (m)

Figure 8: ITER hybrid scenario: snapshots of comgquilibrium in the flat-top phase. CRONOS (laftd
METIS (right) simulations.
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Figure 9: ITER hybrid scenario: equilibrium relatggantities in the flat-top phase, for CRONOS arteVG
simulations. The various quantities are definedannection with Eq. 1.

Spatial profiles are compared in Figs. 11-13. 6thbCRONOS and METIS simulations,
pedestal density and temperature values are pgoedcrand the density peaking has been adjusted in
METIS. The resulting temperatures are rather sinfilalues and slopes in the gradient region, ratio
TJTi), with the exception of the very central valuebjoh are different by ~10%, as shown in Fig. 11.
This difference is connected with the differencéhia central alpha power, as shown in Fig. 12,esinc
the evolutions of ion temperature and fusion poaer non-linearly depending on each other. The
other power deposition profiles shown in Fig. 1@ eertainly different in shape (typically, the METI
source profiles are given analytically and therefétvave smoother profiles), but none of these
differences seems essential for the global accuvadlye simulation. A similar remark can be made
for the current density profiles shown in Fig. ¥8hat is usually difficult to obtain in simulatio$ a
hybrid scenario (as well as in experiments) iscdieful balance of current sources (including #lé s
generated bootstrap), with an evolution in timedieg to a stationary q profile that is flat in the
central part and slightly higher than unity. Aswhan Fig. 14, this is equally well obtained by ot
CRONOS and METIS codes, despite the wide differemdeassumptions, approximations, resolution
and computational time in the two simulations.
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Figure 11: ITER hybrid scenario: computed dengtgctron and ion temperature profiles in the ftgg-phase.
CRONOS (left) and METIS (right) simulations.
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Figure 12: ITER hybrid scenario: computed alpha),NBECRH and ICRH power deposition profiles in theg-f
top phase. CRONOS (left) and METIS (right) simudas.
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Figure 13: ITER hybrid scenario: computed currenigity profile and contributions from NBI, ECCD and
bootstrap, in the flat-top phase. CRONOS (left) RHETIS (right) simulations.
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Figure 14: ITER hybrid scenario: computed safetydaprofile in the flat-top phase. CRONOS (sokatd
METIS (dashed) simulations.

The application of METIS during the latest yearss Haeen rich and broad, covering several
fundamental aspects in the field of integrated riimde Some examples are summarized here.

Interpretive analysis of existing discharges inwig addressing some specific topic, for instaree t
study of the Experimental Advanced Superconducliogamak (EAST) upgraded operational space
with higher input power [48], the calculation ofrfide sources in long steady-state Tore-Supra
discharges [49], the assessment of the requirenaérasrrent-drive of steady-state regimes [50], or
the analysis of the Lower Hybrid heating deposi{iah.

One of the most important activities performed WIliETIS has been the assessment in terms of
performance, calculation of density, temperatural doroidal velocity profiles or magnetic
characteristics of tokamak devices which recentytad operation, such as WEST [52, 53] or will do
it in the future as JT-60SA [54], ITER [55, 56, ®]DEMO [58, 59, 60, 61].

METIS has been used as current diffusion and dujitn solver in a self-consistent integrated
modelling chain involving the ray-tracing/FokkeraRtk C3PO/LUKE in view of validating the
prediction of Lower Hybrid current drive in Tore Ba experiments [62, 63, 64, 65, 66].

Among these applications, the fast integrated frariscalculations provided by METIS are the most
useful for the design of future scenarios and érparts. Indeed, scenario design is usually achieved
by launching a large number of simulations varytimg scenario parameters and following a “trial and
error” approach. Being able to compute a full scengaster than real time is therefore a key
advantage for such a procedure. The scenario ptgesmeay also include the parameters of control
algorithms that may be used during the experimBHETIS can be integrated in a full tokamak
Simulator, i.e. the integrated modelling of the tcohschemes (simulated outside of METIS) and the
plasma response (provided by METIS) [67, 68, 69, FOr this purpose, METIS can act as a “one
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time step” transport solver receiving control wavreis from the control schemes simulator. This
application is usually implemented under Simulink®tool widely used to develop plasma control
algorithms, in which METIS represents a single klpooviding the dynamic plasma response (and is
easily integrated because it is written in Matlab®@)n integrated design of tokamak scenario,
including its control algorithms, can thereforedmhieved and is greatly facilitated by the higheshbe
of execution of METIS.

Because METIS is fast and features a large nunfb@inable options, it enables playing with a lot of
physics parameters and model assumptions, allot@sting the sensitivity of the results to them.sThi
allows in particular uncertainty quantification dhe extrapolation to new devices. Models and
assumptions have to be carefully chosen and jedtifiepending of the application and goal of the
simulation. As for any other kind of simulationgnchmarking a given set of models/assumptions on
well documented experimental data increases camfelen extrapolation. In order to justify a
posteriori the assumptions made, METIS results lsancompared to more sophisticated models
(transport, sources, ...), run in stand-alone modk wsing the plasma characteristics predicted by
METIS as input in a few selected cases to be toéet&8eing able to easily connect METIS output to
other codes allows closing the gap between theldiegbmodels used in METIS and more advanced
and CPU-demanding models.

6 Conclusions

The METIS suite has been developed with the objeaif achieving a fast integrated tokamak
simulator with the simplest possible utilisatiom fiysicists, flexibility in the type of simulatierthat
can be carried out, and user-friendliness with wertul and extensive graphical interface. The code
employs innovative numerical schemes and simplifibgsical formulations, which capture the main
physical features for scenario modelling, allowifagt and always convergent computation and
realistic simulations. During the past 12 yearg METIS code has been validated against both
experiments and simulation results. It is now aumatode, able to cope with a variety of integrated
simulations for present and future tokamak devieesld widely used. METIS was originally a
module of the CRONOS suite of codes and now itde a standalone code which can be used alone
or together with other codes inside the IMAS andIElUrameworks, within a Simulink workflow or
inside Matlab or Python programs. This makes ofTMEa versatile and adaptable code. METIS has
been made available to many laboratories worldwaidteving as well modelling present and future
experiments, as training students. METIS has baethé core of various collaborations and will
continue in the future to open opportunities follalmration, especially inside the IMAS framework.
The main advantage of a common framework, suchM&sS] is to provide users from various
laboratories with several modelling tools that barhandled and communicate in a common way. The
integration of METIS into the IMAS framework andetinecent adaptation of METIS GUI, including
now dedicated tools for initialising WEST, JT-60%Ad ITER/DEMO scenario simulations, allow
METIS to be a key code for future studies, to gateefirst level modelling and to provide inputalat
to other codes.
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7 Appendix : Source modules

7.1 General description
A detailed description of the main source modulesMETIS is provided in the following
sections.

7.2 Bootstrap current and resistivity

The plasma neoclassical resistivity and bootstrapeat profiles are computed using the
Sauter model [10]. Optionally, the total bootstcaprent can be normalized to the Hoang scaling law
[71] — the shape of the bootstrap current densifilp remaining as given by the Sauter model. €hes
guantities are used in the current diffusion equnafl).

7.3 Neutral Beam Injection Heating and Current Drive

The Neutral Beam Injection (NBI) is described in ME by a beam attenuation equation
applied in a simplified geometry in order to cabtal the fast ion source, then using an analytical
solution of the Fokker-Planck equation for the fastdistribution function.

The beam attenuation is computed for a few sub-bespread around the tangential radius
and the vertical tilt value to take into accourd tteam geometry. The vertical tilt is accountedbfpr
projecting field values (i.e. density or temperajuon a tilted line. The beam intensity) (damping
equation along the beam path is:

DO -, (Dou; WY W) (25)

wherel is the coordinate along the beam path with thit@ircondition :
Y (l = 0) =Y, at the entrance of the plasma

and

Gers = 00 (Ap, Eporne (D, Te(D, Zegr (1)) + 0 (Ap, Epo, e (1), Te (1), £ (1), Sy (1)) (26)

whereg, is the stopping cross section [72] ang is the increment of the stopping cross
section due to fast ions [73]. The stopping cresgien along the neutral path depends on the beam
ion mass4}y), the initial beam energyf,), the pitch angle at the point where the neutaaliges are
ionized €,), the fast ion sourceS{g;), the electron density,, the electron temperatufg and the
plasma effective chard& ;¢

The neutral beam path entrance point is takenenetjuatorial mid-plane of the plasma (at
Z = Z,) on the low field side and the radius of tangeiscgrescribed. The final value &f gives the
fraction of the power that is not deposited inplesma (shine-through).

From the power depositiom,(x)), we subtract the first orbit losses that are categ with a
simplified model: we suppose that most of the fass are trapped near the plasma edge and we
compute the orbit widthd( (x) ) as done in reference [74]. The fast ions createaldistance smaller
thandg, (x) from the edge are lost. In order to simulate tteatlening of the deposition profile due to
orbit width we convolve the profile by a step fupaotof width§, (x).
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From the power depositiom/(x)), we compute the fraction of the power that hdagsmain
plasma ions using the formulae 5.4.12 in referdii®& The current source associated with NBI is
computed by an analytical solution of the Fokkearek equation in which both trapping effects and
energy diffusion are neglected:

3 3

ZVy

343 }3/‘ Yo 3 \o3t1
ast VotV \3 4 3
Ao = eBrgdy (BT oo (F)™ dz @D)

Ep v3 0 \z3+1

2v:

wherer; is the slowing down timey, andv, are critical velocities and, the fast ions initial
velocity.

The electron back-current is computed either whiga formulation found in Ref. [76] or an
alternative formulation that takes into account twodlisionality effect [77]. This back current is
subtracted from the total NBI current to obtain therent drive by beam injection.

7.4 lon Cyclotron waves

lon Cyclotron (IC) waves can be used in a varidtiyeating schemes. The user must prescribe
in METIS which heating scheme is used (this schisnag@plied to the whole simulation). We describe
below the models used for each IC heating scheme.

7.4.1 ICRF minority heating

In this scheme, a fast ion population is generatetiheats the plasma ions and electrons. The
fast ion distribution function is computed at edéiohe step using the analytical formulation from],78
which gives the steady-state velocity distributionction f (v) without space dependence, calculated
at the resonance position on the plasma mid-pl@he. resonance position is computed from the
magnetic equilibrium, taking into account the prised frequency and minority species mass, charge
and concentration. A key parameter is the volummipied by the minority ions accelerated by the
wave. The fraction of plasma volume involved isutExtl from the resonance width and scaled on the
PION code results [79]. Ong&v) is known, the supra-thermal content and the pdveating ions
and electrons are deduced. The shape of the pogpasidion is assumed to be a Gaussian curve
centred on the resonance position, with a widttpprtional to the resonance width scaled on the
PION code results. The heating power is reducednbgstimate of the first orbit fast ion losses Hase
on the potato width of the orbit [74, 75].

7.4.2 |1CRH infast wave electron heating and current drive scheme
In the Fast Wave (FW) electron heating and curdere scheme, it is assumed that the ICRH
power heats only the electrons. The current drifieiency is determined by a fit of experimentatala
[80]:
_ Picrn(ONfwea(t)
lrwea = SFWCd Ry e Ca=0) (28)

1020
where
0.0087¢%=9.1.00021)
10
5+Zeff(t)

6
Nfwea(t) = (29)
and wheresy,,., is related to the sign of the current :
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Sfwea = 1 for co-current (i.e. in the direction of toroidalasma currentks,q = —1
for counter current ang},, ., = 0 for FW electron heating scheme.

The shape of the power deposition profile is:

Nne(t,x)Te(t,x)
Prw ® 5o er v ) OO

WhereB,,,;(t,x) is the total magnetic field in the middle planeha low magnetic field side.
. 1 ,
with p,, fo Prw (&, )V (t, x)dx = Picpy(t)

The shape is for the current density profile is:

. ne(t,x)Tp(t,x)oy(t,x)
Jfwed & g xP v (60

(31)
that is normalised to the total currépjq :

1. ,
Pm fo ]fwcd(tv x)S'(t, x)dx = Ifwcd(t)

7.5 Electron Cyclotron Radio-frequency Heating and Current Drive (ECRH

and ECCD)

The determination of the power deposition of EC @gavequires a ray tracing code, but this
type of code would be too slow to be used in METIBerefore, the location of the maximum of the
power deposition profile,ex.q has to be prescribed by the user. The shapesgidver deposition is a
Gaussian curve with a widthe..q determined from the width of the resonance [#B{h constants
adjusted to fit the results of the REMA ray-tracouagle [81]:

(x_xeccd(t))z
peccd(x: t) = Peccd,0€ 2ecca® (32)

4 2
_ |1 (ven leccd (Vtn : _ |2eTe(tXeccd) N
where Seccd (t) - \/Z (T) + Qeced Piccccd (T) with Vth = < meecc y Beced = 1 and Peccd,0

satisfying py, fol Pecca(t, x)V' (¢, x)dx = Peccq(t)

The current source profilg .4 (t, x) has the same shape as the power deposition prdfile
total current is computed using a simple scalirig:[8

I'iaeeccpNeccd (E)Pecca(t) ( 3)

1. , .
Pm fo Jecca(t,X)S" (&, x)dx = leccq (OIWith leceq(£) = Secca Te(t X occa (D) Rref (£)

wheres,..4 IS the direction of the wave injection :
Seccqa = 1 for co-current s,.., = —1 for counter current ang,..;, = 0 for normal injection.

and wherd} ycpccep IS the synergy factor with lower hybrid (equal 1tby default) and where:
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1

([ sz rrk
100 eff 1+Z
" 114 NG eff 6
Teltgcca)| ( 3(1+Zeff)>( "
. 10
Neccd = (34)

5+Zeff

with g = \/ ArefXecca(1+c0s(Opor))

RreftarefXeccd COS(Gpol).

7.6 Synergy between LH and ECCD

In some configurations, a synergy between ECCDLath@D may increase the effect of the
EC power on the total driven current. The facipscrccp accounts for this effect. This factor must be
prescribed except for Tore Supra [82], for whicé thllowing expression can be applied:

. (2
mm(EPLH'PECCD) Seccptl

NLH ’(1—xeccd2)vT
max(1,PEccp) 2 max (O, neccd) 2 (35)
7.7 Lower Hybrid RF waves

We designed a heuristic model for Lower Hybrid powleposition and current drive that is
based on observation in present devices and oncpoedmade by the code C3PO/LUKE [83]. The
model for the power deposition is purely phenomegichl. The current drive efficiency is based on a
simple physical assumption with one free paramdtered with the help of experimental
measurements and code predictions. In METIS, aipegarallel refractive index;generates a co-
current source and a negatiy@enerates a counter-current source, whatever isetilegeometry and
orientation of the magnetic field and plasma curiarthe tokamak. The computation is done for the
main positive plobe of the spectra that generates a co-curremtsa@und for the main negativglobe
that generates a counter-current source. The pdegsition model is based on a probabilistic ad-hoc
formulation with penalization for the wave absaopti This model only takes into account the limits o
the propagation domain and the Landau absorptiterion. The probability formulation has been
obtained by a trial and error method, guided bysptal knowledge of the problem. The probability
function of absorption, on the flux surface labellger x (varying from O on magnetic axis to 1 on
LCFS), reads:

SeccalLueecep = Secca + Huup

Pabs(x) = C Prandau (x) Lacc(x) Ly (x) Ly (x) (36)
with C is normalization constant.

The probability of absorption by Landau effect read

An"(x) 2
_[ "Landau®-1y0——5—
An"(x)
Prangau(x) = e (37)

The penalization of absorption probability due émsity accessibility limit reads:

NLandau®) = ,acc®)—Any 0
Lgce(x) = min <1, e A0 > (38)

The penalization of absorption probability duedwér njpossible propagation reads:
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An"(x)
NLandau )= |7, 1cC)+—3
Li.(x) =min| 1,e Ay @) (39)

The penalization of absorption probability due ighler npossible propagation reads:

An" (x)
NLandau )= | 1y,hc -

Lhc(x) =min| 1,e Any (x) (40)

where the ad-hoc broadening of the wave spectrum is

Agq andau (%)
An" (.X') = (An"'o + Tl”'o _Ra_xe(x)) (1 + Diandau’X) ) (41)

N0

In whichAn o = 7 CA is the spectrum width of the launched wave.
LHRa

The Landau resonance is taken as the simple faitpexpression:
6.5
Npandau(X) = N AT (42)

The accessibility limit reads:

(x) ,Zm(x)

wpe(x)

Mace(¥) = Gt 1T wi:( ) (43)
The lower bound of propagation domain reads:
— 0
e (x) = T 44

"q(x)Raxe(®) s(x)

The upper bound of propagation domain reads:

0

(45)

M () = p(x) P

q(x)Raxe(x) s(x)

Wherep(x) = fd:p(x) and®(x) is the toroidal flux (Wb)g(x) the safety factorR,,.(x) the

geometrical axes of each flux surface (m), is the absolute value of the launched wave rall
index of refractionw = 27 f; 4, is the frequency of the LH wavH)) , A, is the toroidal width of the
active part of the launcher (m) and

p(x) = 1 - 25 _ D (4
_ w%}e(x) pl(x)
s(x)=1+ DL o 47

33



_etn.(x) . _[etni(x) . .
where wp, = /E is the electron plasma frequenay,,; = Amy £ is the ion plasma
frequencyw,, = 5@ s electron cyclotron frequencs,(x) the electron temperature (ei),(x)

me

the electron densityr{~3 ), n;(x) the main ion densitynf{ =3 ), B(x) the total magnetic field averaged
on a flux surface (T)e the charge of the electron (@), the electron mass (kg), the vacuum
permittivity (F m~1) , A the number of mass of the main ion and cgpeed of light in vacuum
(ms~1). The constant C is computed to hapg . folP(x)V’ (x)dx = 1. If the input power i®;,,
the local power deposition B,:(x) = P;, P(x) .

We now describe how the amount of current drivéldywave is computed. We restart from the Fisch
formulation of the current drive efficiency [84]édmwe add a correction to take into account theiquas
linear effectQ;(x) and a penalization term to take into accounatteessibilityn,.. :

Nerep () = No(X) Nace Qu(x) (;f(;_(;))% (48)

w1
The plasma current density reads:

Jiaep () = npgep (%) 2. (49)

ne(x)

With w; = Wy = ﬁ ,0;(x) = % + Ytanh [ln (10 D"(x))],
,0

b
Nandau(X)
0~ Macc()

Nace = Min <1,e Any.0 ) andn, (x) = —mm [85],

In Age (%)

1 e(®) Te(x)\ ; .
whereln 4, (x)~14.9 +~In (7;02’;) + ln( < ) is the Coulomb logarithm and

2 Te(x)
NLandau (x)

103 . (50)
J5GBmy (x) max(8q,p(x)) Raxe () (25’

Dy (x) = 0.32 f—"

6

is a proxy of the quasi linear diffusion coeffidien
The constan,, is set ta3.1 102! to fit experimental results and simulations.

If Z.;; > 1, the effect on current drive efficiency must aken into account. The effect of trapping
particles has been included by an analytical foenji@6]. Finally the net current drive is:

5+ Zeff(x)

p(x) 1- 82(1+ Zeff(x))
ne(x)  5+Zeff(x)

Jrreo () = Nppep (x) (51)

a(x)
Raxe(x)

with € =

7.8 Fusion reactions
The fusion reactions between deuterium and tritibetween deuterium and deuterium and
tritium and tritium are calculated, including thkeetmal plasma, beam-plasma and beam-beam
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reactions. The tritium-tritium reaction is negligilcompared to the rate of D-T reactions in a fuisio
reactor but it is important for the neutron diagims

For each of the considered fusion reactions, METHKculates the resulting neutron
production rate, power deposition profiles on thasma electrons and ions, as well as (for D-T
reactions) the average Helium ash production matech is used to calculate the Helium average
density following the procedure described in sectif.1. The fast alpha particles originating frdva t
D-T reactions also drive a bootstrap-like currevttich is estimated by METIS.

Reactivities, i.e.{ov) and cross sections used in METIS are those ofenefe [87] but for
tritium-tritium cross section library [88] is used.

7.8.1 Thermal reactions
The fusion power source is simply computed usinget@im and tritium density profiles and

the ion temperature profile:
Satn = np(t, X)nr(t, x)(av>T(d,n)He4(Ti(t' x)) (52)
Pain = €Eqran)HeaSan (53)
whereE, r(anynes = 3.56 10° eV

For DD reactions there are two channels:
_1 2
Sp.pp,th = >Mp (t, x) <0U>D(d,p)T(Ti(tJ x)) (54)

and

1
Snpp,en = 5Mp (L, X)*(0V) p(amymes(Ti(t, X)) (55)
The associated power source in the plasma is:

Ppp,th = e(Ep,D(d,p)T + ET,D(d,p)T)Sp,DD,th + eEnes p(an)He3Sn,pp,th (56)

WhereEp'D(d'p)T = 3.02 106eV ;ET,D(d,p)T =1.01 106eV andEHeg'D(d'n)Heg = 0.82 106eV

From the power deposition, as in the NBI case, avapute the fraction of the power that heats the
main plasma ions using the formulae 5.4.12 in esfee [75].

7.8.2 Neutron production rate
Neutron production rate for each nuclear reactiwmael is directly deduced from the rate of

fusion reactions in the channel. The profile shapthe neutron source is assumed to be identical to
that of the fusion source for thermal reactions pirmortional to the ion heat power for beam-plasma
and beam-beam induced neutron sources [89].
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7.9 Radiation

7.9.1 Introduction

The radiative losses play a key role in dischangaliption. The line radiation is important
both for present machines and for burning plasfasITER and other high-temperature devices, the
Bremsstrahlung radiation becomes an important teiss and for a reactor the transport of heat by
Cyclotron radiation can be a major heat transp@thmanism. Additionally, in a reactor, the electron
temperature is so high that the relativistic eBenust be taken into account for Bremsstrahlung.

7.9.2 Lineradiation and Bremsstrahlung

The radiative power is computed from the tempeeaturd density profiles of each species
using the radiative collisional equilibrium [90]hiB gives an estimate of the profile of power rtatia
by line transition and thermal Bremsstrahlung bihgighe cooling raté(Z, T,) that combines line
and Bremsstrahlung radiation (cooling rates areaeted from the ADAS data base [91]):

Praa(t, x) = n.(t,x) Zke{specie$l(zkv T, (t, x))nk (t,x) (57)

This radiative power profile is integrated over fli@sma volume to compute the total radiated

1y
POWerPrqq = pm fo V'Praq dx.

The total radiated power due to line radiation am@msstrahlung can optionally be
normalized to the Matthews law [92, 93]:

106 0.947—-0.12
Pradmat = 7 189 SV Zmax” (58)
4.5 (Zeff_Zmain)(_lozo)

WhereS is the external surface of the confined plasma the surface of the LCFS) and
Zmain 1S the charge number of main plasma iong,(;, =1 for hydrogen, deuterium or
deuterium/tritium plasma and,,,;,, = 2 for helium plasma). As there is always, at leasnall
amount of impurities in the plasma, we have always > Z,,4;n preventingPr.qq mq: to diverge.

To calculate the power flowing through the LCHFg,,, we need to separate the
bremsstrahlung radiatia?,,.,,, (fully radiated by the confined plasma and thdlyfsubtracted for the
Py,ss Calculation) and the line radiatiéyy,,. (partially radiated by the confined plasma andiplly in
the scrape-off layer, thus only a fraction of itsgbtracted for th&,,,; calculation). We use the
following expression for the bremsstrahlung radigtewer coming from volume integration of local
expressions [94, 95]:

Porem (t, x) = 4.8562 103 Re(bx) |Te(tx)

e (tr )
1020 TZke{speci@CGaunt(Te (t' x), Zk) ZI% % (59)

with C;,un:e the Gaunt factor that is given by a tabulatedtfiom [93] (takingCegyn: = 1.2
gives an accuracy within about 20%) d@ht..,, = pm fol V' Dprem dx

We then define:

Piine = Praa — Porem (60)
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We neglect here a small correction: low temperafimite Rydberg energy, electron-electron
bremsstrahlung and re-absorption, but we introdiuedhigh temperature corrections due to relativisti
effects [96]:

Pbrem,rel = Pbreerel(t' x) (61)

where

2

1
(Zeff(t,x))<1——1+,re(t’x) )/
511103

With the same formulation, we estimate the totdiative loss in the SoL @3,) taking an
exponential decrease of the profile with a charatie lengthAs,;. This factor is either prescribed as
a fraction of the minor radius or computed witlcalieg law [97].

2T (t,x)
511103

X,y (t, ) = (1 + ) 1+ (62)

7.9.3 Cyclotron radiation
The cyclotron radiation power loss is given by Alleajar scaling [98, 99]. These expressions
take into account the absorption and re-emissidghetyclotron radiation in the plasma.

Peyeto(W) = 3.84 1072(1 — 1,,)/2Ral 38,079 B262n038T, (16 + T, )"

Toc -1.51 R
x(1+012255) 7 K(ay ar, fr)GC) (63)
ao

with
Pyc = 6.04 X 103%'0 (64)
K (ay, ar, Br) = (an + 3.87 ar + 1.46)7%79 (1.98 + ap) 38714 (B45° + 1.87 ar —
0.16) %% (65)
G(A) = 0.93 (1+ 0.85 e~ 2824) (66)
andn, . = "e(lto’;): O 7, = TQ(ET":O) and p, . = 6.0410%a,f ;:;f whereB; anda; are determined

from the best fit of the electron temperature peofiith the shape :
Tos = (Top — Toq)(1—xPT)*" + T, , with x € [0,0.9] (67)
and withr,, is the effective wall reflection coefficient foyadotron radiation.

The radial profile of cyclotron radiation loss paovietaken as:

0.79 ( Faia(tx) Y62 0.38 3.61
Peyeto(t:2) = Poo (8) Raxis (6, K (6,007 (F24E5) " mg (6,00%° T, (6, x)*4* (68)
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Pcyclo
Pm fol V’ppcyclodx
is the diamagnetic function, both taken from edpuilim.

With p., verifying p., = whereK, is the elongation of each flux surface d@)g,

We have verified that,,,.;, computed with this formula matches well CYTRAN ¢1@nd
EXACTEC [101] results for reactor case but notoaet for heat transport from center to edge as
provided by EXACTEC code.

7.10 Péllet injection

METIS can model pellet injection. The user musespribe the maximumx,.;.. and
optionally the widthA, ... Of the pellet depositionSf.;.;), assumed to have a Gaussian shape
(centered akpeye; Of Width Ay .:), and the relative density increase provided bjepénjection
fpettet- If Aperier 1S NOt provided, the shape of the deposition suaed to follow the NGS model
[102] in which the injection velocity is adjusted obtain the desireg,;.; and the radius of the
pellet is adjusted to have matter deposition cpoading tof,ey e ().

The pellet injection does not change the line ayedadensity as it is supposed already includetlén t
prescribedr, waveform (see section 2.4). Only the density pEafhape is modified: a perturbation of
density profile due to the pellet deposition is pomed An, = (1 —X) fpeuet Speiter » Where

(1 — x) accounts for efficiency of pellet deposition taoge the density profile) and then is added to
the original density profile (without pellets, calated as explained in section 2.4) and the obdaine
density profile is then renormalized to the lin@i@ged density keeping unchanged the edge density.
The resulting density profile has a new shape witlew peaking factor.

Pellets can be described either as a continuouksorete effect on the density profile. In thedatt
case, the pellet injection events are detected fsbarp variations in the prescribed line averaged
density waveform.

7.11 Neutral source

The neutral source is computed to account forlifigelwith recycling particles and gas
puffing. This source gives the ionisation heat sewat the edge, the friction that slows down edge
toroidal rotation and the electron flux acrossleesma. We consider two populations. The firstdyol
is made of particles coming from gas puffing andssumed to have low temperature (typically the
temperature of the vacuum vessel). The second ihatade of recycling particles and is assumed to
have local ion temperature due to the charge exgharechanism. Both sources are computed using a
one-dimensional model based on diffusion, wherediffasion coefficient is deduced from the mean
free path [103, 104]. The mean free path is congpuseng the charge-exchange and ionisation rate.
Only monoatomic species are taken into account.eMobr dissociation and other effects are not
considered. The detail of the model can be fourterreference [105].

The amount of hot neutrals entering the plasmbhdsécycling fractionff,,) of ions flux in the SOL.
This fraction depends on the configuration, i.ethé plasma is in the limiter or the divertor
configuration. The flux of ions in the SoL (sufcitly far from limiter or divertor target), is conmed
asng q S;crsOsoLCsLcrs + ‘;—IZ, given the flux of neutral entering in the LCFS:
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’ dN
So,in = fno (ne,a SicrsOsoLCsicrs + a SNBI) (1 - fpellet) (69)

Wheren, , is the electron density at LCES ¢xsis the perimeter of the poloidal plasma sectiigp;
is the SoL width¢, ; crs is the sound speed at LCFS, N is the total nurabetectrons in the plasma,
Sypr is the source of electrons due to neutral bearactigin. In METIS, the parametéy, is
prescribed, one value for the limiter configuratéord one for the divertor configuration; it canrbad

from external modelling made with a 2D edge codés Wworth to remark that the terﬁ% accounts

also for gas puffing and pumping as the densityfilprés controlled through the prescribed line-
averaged density.

Finally, from the neutral source the ionisationtrsak is computed.
8 Définition of the loss power and its scaling expressions

The definition of the loss pow, s depends on the scaling expression:
In the standard L-mode scaling expression (ITERR{89), we have :
Pioss = Pip = Poux + By (70)

WhereP,,,, is the sum of external heating sources (includihgnic source) ang, is the heating
source due to fusion reactions.

In the standard H mode scaling expression (ITERR{92)), we have:
Ploss = Paux + Pa - Pbrem - Pcyclo - fradprad (71)

wherePy,.., is the power loss by bremsstrahlung radiatRy,,;, is the power loss by cyclotron
radiation,P,,, is the power loss by line radiation in the coraspta (excluding SOL, limiter and
divertor contribution) and,.,; € [0,1] is an ad-hoc coefficient. Since the valuef,Qf; is not yet
universally defined, it can be adjusted by the .ukkawever, such definition df,,, could lead to
difficulties in highly radiative plasmas, as theesroccasionally obtained in metallic wall tokamaks.
To be able to extend the use of the scaling lascemarios with high fraction of radiative power, we
have included another definition Bf ¢ that can be alternatively used in METIS

Pioss = maxpnorme[o,l](fopnorm(Qe(x) + Qi(x))V,(x)dx) (72)

whereQ, is the sum of heat sources on electr@ass the sum of heat sources on ion specied/aisd
the volume element.

9 Supra-thermal stored energy calculation

The fast ions coming from heating (fusion reactid¥Bl and ICRH) contribute to the plasma
pressure and plasma energy content. We can ewdah&ge quantities by solving a simplified version

39



of the Fokker-Planck equation. If we neglect enediffusion, trapping effect and pitch angle
scattering, the Fokker-Planck equation for a reemergetic ion source becomes:

o5 _1_ o S0 5w —
at - v2 61}(”3:5”2}“) + 477.’173 6(17 170) (73)

wheref is the distribution functiors, the fast ion source ang the injection velocityy, is
the critical velocity and, the slowing down time as defined in reference.[78]

Temperature and density used in expressioni@fandzg are the power-weighted volume-
averaged values:

Jy PtV (£ ) At x)dx

Ay (0) = (74)

fo p(t,x)V' (t.x)dx

The steady state solution is:

SOTS 0‘(170 17)
am v3+v3

f= (75)
The stored energy can be written as:
Weup = f mv2f47w2dv —f Ims ST 3+ 3dv (76)
which yields finally:
Wi = fonsts (77)

( -(9)| (e
\ j3<atan< \/§vc )+atan(\/—§)>

whereP;,; = S, % muvé is the injected power.

We can now define the supra-thermal pressure atedcwith the stored energy. We simply
take the shape of the power deposition defineceémh heating source, named heyg,,. , and we
compute a proportional profile that satisfies :

psup(t' x) = nsup(t)pshape (t,x) (78)

. 1 ,
With 2 oy (£) [ Paut, )V (¢, X)dx = Wey(t)

Additionally, from the simplified time dependentkker-Planck equation described above, we deduce
the time evolution of the supra-thermal stored gyer

aw. —2Wx 2W,
—F=_—=F4 p. . and the thermal power depositiorPjg = —% with
dt Teff J Teff

2
Terr = Ts(O)| 1- (:_;) gln ((vo(v:fr)v;::vc) * \/ 3(atan(239_ic)+atan(%))
3vc 3

(79)
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As an input for the equilibrium calculation, we itef the total pressure as the sum of the
thermal pressure, the supra-thermal presgyggand the rotation centrifugal pressure:

Ppw = Zke{species}mkneref w(pz (80)

This contribution is important to get the right 8aaov shift in plasmas with high power neutral iea
injection.

10 Specificion density treatment

10.1 D-T mixture: Helium ash
In the D-T mixture case, the Helium density is aldted as the sum of three terms, one representing
the Helium resulting from the D-T fusion reactidng, ,s5), the second the fast alphas stored in the

plasma(ny, rq¢) @nd the third representing the He coming fromlifog!

(nHe,fuel>: (nHe) = <nHe,ash) + (nHe,fast> + <nHe,fuel) (81)
The first term(ny, 45,) is computed with a OD equation for ashes accunamat

d{Nyeasn) _ _(nHe,ash) Sa
dt - THe + Vp (82)

WhereS,, is the source of thermal alpha particles createdbl reactions andj,, is the helium
effective confinement time, provided either by alsg law or by the following law adapted from
reference [106]:

R
The = fHe TE+ ﬁTne (83)
which allows to take into account the recyclinghefium ashes.

The second term is computed from the fast alphenmeenergy content (that is an output of analytical
Fokker-Planck solution used to compute the powposi¢ion on electrons and ions):

_ Esup,a
(Nirefast) = 37356 105w, (84)

The helium density profile is calculated assuming $ame shape as the electron density profile, but
with an edge value depending on ashes accumul@tiore peaked profile and lower edge density due
to a source located at the centre of the plasma):

Nye(t, ) = Cpe(D)[ne(t, X) — ne(t, 1] + npyeq(t) (85)

Where(Cy, is set to have the desiréd,,.) value at each time slice and
ne(1)
Nyea = ((nHe,fuel> + fHe,a (nHe,ash)) (n) (86)
Where fi, 4 ~ 2
’ THe

Remarki(ny, rqs:) have no contribution to edge density as fast afgkaconfined to the centre of the
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plasma.

The second terrtny, 1) is defined as a fraction of the average electrensity. This fraction is
prescribed by the user.

10.2 Tungstenin METIS

A specific treatment of the tungsten is includedMETIS that users can switch on or off. This
treatment is based on a model for the sputteringcsoat divertor target, a simple model for prompt-
redeposition, a model for divertor screening ansimaple model for tungsten accumulation in the
plasma. Additionally, the source of electrons pded by local tungsten ionisation is taken into
account and this effect is added to the electramsiteprofile (that ensures to have the right etect
density whatever is the tungsten accumulation). t€heperaturd, , and density:, . at the target and
the temperature at LCFS must be provided in thse ¢y the following model.

The profile of tungsten density in the plasma dsre

ne(t0)\'™ o Zywl(t,x)
nw(t: x) = (CWG(t) + CW,offset)ne,a(t) (nea(t)> e” swin (87)

WhereCy , Cy offrset » ¥, o are user defined constanty; allows to take into account the strength
of divertor sourcely, orrser allows to take into account the strength of otseurcesy, the

proportionality (1) or independence (0) of the tsteg density from electron density profile and
the strength of accumulation mechanism. This mameilungsten density assumes that each density at
the LCFS is proportional to the flux [107].

The divertor respongg(t) is:
G(t) =Y, () S (t) (1 — F.(t)) (88)

whereY, (t) the sputtering factor,S,.(t) the screening factor an€i(t) the prompt-redeposition
factor.

The sputtering factor reads:

n;i(t,1)
Yp (t) = Zje{species}]_ Yi-w (Ej (t)) (89)

Neq(t)

Where the sputtering yielg;_,,, is either given by the model from [72] or by [108]

Ei(t) = Too(t) + (2 +Typ) * Tye(t) — 0.5Z Toe(t) In <2’””e (1 + TL“”)) (90)

mj Tet (1)

The two points model provides orly,, so we fixedl;.(t) = 1.T..(t). The facto}, is 1 for the

. 5 . .
isothermal case an3dfor the adiabatic case.

The screening model reads [107]:

Tieqk(®)

S.(t) = e_( Te,e() ) (91)
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where

Tiear(t) = 38107 Zy (Tsopers(t)) /e (DASE) (92)

With Z,,, is the averaged tungsten ion charge number [109jpated for temperatu®oy, o7 (t) =
fSOL,eff Te,a + (1 - fSOL,eff) Te,t

We assume thats(t) is of the order of the neutral ionisation lengdanthe divertor target:

2e TE,C(t)
Meff(©)

Nt (O ()i (O)+ (V)3 (D) + (0V)ex(6) 1 (£)

As(t) =

(93)

where (ov);., (ov);;, {(ov)., are respectively electron ionisation, ion ionisatiand charge
exchange cross-sections for the main plasma spegj€s) is the angle of magnetic field line. The
prompt-redeposition of tungsten ion can be switobkedr off. If it is off thenk.(t) = 0. Otherwise
METIS uses a simplified model based on the ratiween tungsten ionised one time Larmor radius
and ionization length [110] and a fit of redepasitcomputed by the ERO code results [111]:

F- = fero (ZW'wn) (94)

Pw+

Here is the piecewise cubic Hermite Interpolatddevaf tabulated ERO results:

X 0 0.2 0.6 2.2 3.2 6 1000

ferox) |1 0.85 0.65 0.3 0.25 0.15 0.1

and assuming emergent tungsten ions hdyg kinetic energy we have

2e Te,t
my
(oV)w ionised (Te,t) Net

Ly ion = and py,+ is the tungsten Larmor ionised one time radiusliagrtor

target.

The accumulation factor is chosen as the neockdsskpression in cylindrical geometry [40] with ad-
hoc madification to take into account plasma rotatind heating decontamination effects:

al & 1 3 2
= Cowua+ E+ (1= =7 = Cuw hei) 2= (95)

dx n; w

Where(C,, andCyy, are user-defined constants that drive the contatinim and decontamination
processes due to, respectively, toroidal plasnaioot and additional heating. The rotation tenpis
[112,113]:

an

u, = — —4— wherev,,  is the thermal velocity for tungsten.
Raxe Vthw ’

This model is completed with a two points modet.(iincluding neutral friction, radiative losses,
momentum losses, kinetic correction and supersooipection [107]) that allows to predict LCFS
electron temperature and electron density and teatyre at the outer divertor target knowing thethea
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flux crossing the LCFS and the electron densityGES. The scrape-off-layer (SoL) width is provided
by a scaling law [97]. Eventually, this model taketo account counter-reaction due to tungsten
source from sputtering on radiative fraction betltore plasma, in SoL and divertor region.

11 Electron temperature at LCFS

T_LCFS is either given by a scaling law or, wheis tiurned on, by the SoL 2-point model. The
scaling law depends on the plasma configuratiod{l16]. In divertor configuration we use a scaling
derived from the link between electron temperaaireCFS and at divertor plate and a scaling law for
electron temperature at divertor plate:

Ticrs = 2.031077 (nycps L, (1 — 5 ZdsoL) )0'4 (96)

2 Prcrs

With n; crs the density LCFS, L. the connexion length, P.,4 5o, the radiative power dissipated in the
SoL and P, ks the heat power crossing the LCFS

In limiter configuration:

2/3
Tycrs = 1.04 10° (Pch_m) o)

AqLc nicrs

With A,the heat SoL width and A the number of mass of nairspecies.
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