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Abstract. The paper presents the results of 1.5-dimensional simulations of density
profiles and pellet fuelling for the ITER baseline scenario performed with the ASTRA
and JETTO transport codes by the ITER Scenario Modelling working group within
the European Task Force on Integrated Tokamak Modelling. The first part of the
paper describes the physics of the problem and how it is implemented in the different
codes available to the working group. The second part presents the results of the
simulations. Results obtained with the GLF23 physics based transport model and
a simplified description of the pellet particle source are described alongside results
obtained with the simpler Bohm/gyro-Bohm semi-empirical transport model and a
more sophisticate pellet ablation/deposition code providing a completely self-consistent
description of the pellet source. A parametric study has been performed to assess the
effect of varying independently parameters, the values of which in ITER are either
uncertain or not easily controllable (such as particle diffusivity, edge stability, wall
recycling and boundary conditions), on the target plasma density, temperature, ) and
pellet frequency required to achieve a certain degree of density control. To this end
the edge particle diffusivity was increased by a factor of three, the pedestal normalized
critical pressure gradient for ballooning stability was decreased by 20%, the boundary
conditions on density and temperature were modified by 30-40% and the wall recycling
particle source was increased from zero to 20% of the particle outflux. The results show
that variations in the order of 15% for density and temperature, 40% for @ and 100%
for the pellet frequency can be expected. Open problems and modelling needs are also
discussed in the paper.

PACS numbers: 52.55.Fa, 52.55.-s, 28.52.Cx, 52.25.Fi
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1. Introduction

In a thermonuclear plasma the deuterium-tritium fusion reaction rate, and consequently
the energy produced, is proportional to the product between the densities of deuterium
and tritium nuclei. To model a thermonuclear plasma like the one in ITER it is therefore
important to simulate the behaviour of the density profile and the isotopic ratio. This
problem is complicated because it has to take into account particle transport mechanisms
in the plasma core, particle fluxes across the plasma separatrix and particle sources in
the plasma due to either ionization of recycling atoms or additional fuelling methods
like pellet injection and gas puffing (NBI fuelling being negligible in ITER).

Significant progress in understanding core particle transport has been made over
the last few years, both from the experimental and theoretical point of view (for a
recent overview of the subject and an extensive bibliography see, for example, [1] and
references therein). This has led to the development of physics based transport models
in reasonable agreement with experimental results [2, 3, 4] and to a more convincing
interpretation of data from present day machines [5, 6]. On the other hand the problems
of calculating the particle fluxes across the separatrix and the particle source due to
neutral influx and pellet injection have not yet been completely solved.

The main problem in modelling particle fluxes through the plasma separatrix is
that the assumptions underlying the transport models that describe reasonably well
the particle transport in the core cease to be valid at the plasma periphery (the region
called edge transport barrier or ETB in an H-mode plasma) and there are no reliable
models to describe the particle flux in this part of the plasma. Moreover, in an H-mode
plasma, like the one foreseen in ITER, intermittent edge instabilities called ELMs (edge
localized modes) periodically expel particles from the plasma affecting therefore the
plasma density. Models for the ELMs that are able to mimic the ELM bursts and can
be coupled to a transport code are available (see, for example, [7]), but usually their
predictive capability is limited because they depend on a number of free parameters
that need to be adjusted to fit the experiments.

As for the description of the particle source, there are difficulties with the ionizing
neutrals due to the fact that this phenomenon is intrinsically two-dimensional, involves
complex atomic and molecular physics, depends on different space scales ranging from
the atomic scale to the gradient scale at the plasma edge and implies the simultaneous
description of two regions of the plasma (the ETB and the scrape-off layer or SOL)
which have a completely different field line topology.

Concerning the fuelling, since the efficiency of gas puffing is likely to be insufficient
to reach the required operational density, it is planned to fuel a thermonuclear plasma
by means of frozen pellets of deuterium and tritium. The physics of the evaporation
of cryogenic pellets is reasonably well understood and pellet ablation models have been
developed and validated over the past thirty years (see, for example, [8] and references
therein). However, a satisfactory and extensively validated description of the fast
transport phenomena following the injection of a pellet in a thermonuclear plasma
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and therefore of the effective depth of the pellet particle source is still lacking and
the extrapolation of present day experiments to ITER has to be taken with caution.

A final problem that has to be solved to model the evolution of the density profile is
the prescription of the boundary conditions at the plasma separatrix. Strictly speaking,
these can be provided by taking into account the full two-dimensional physics of the
SOL. However, simulations of the SOL use as upstream boundary conditions particle
and energy fluxes across the plasma separatrix and these depend in turn on the transport
mechanisms in the plasma core. A way to solve this problem is to run a SOL code for a
range of reasonable values for the fluxes across the separatrix and build a look-up table
providing the appropriate boundary conditions corresponding to a particular level of
core transport. A completely self-consistent solution of the problem would be obtained
by using simultaneously a SOL and a core transport code coupled together. However,
running such a code is extremely time consuming from a computational point of view.

This paper presents recent results of the modelling activity on I[TER fuelling and
density control performed by the ITER Scenario Modelling (ISM) working group [9]
within the European Task Force on Integrated Tokamak Modelling. The scope of the
work is to model in a way as complete and integrated as possible the density behaviour
and the fuelling capabilities on ITER, taking in to account all the phenomena described
above. The analysis concentrate on the ITER baseline scenario (sometimes referred to
as ITER scenario 2), but from the point of view of density control and fuelling the results
presented here can be applied to other ITER operating scenarios. The tools available
inside the ISM for this kind of study were the two 1.5-dimensional core transport codes
ASTRA [10] and JETTO [11] and the two-dimensional edge code EDGE2D [12], which
can be run either as a stand alone code or integrated with JETTO in a complete core-
edge transport code called JINTRAC. The results presented in this paper were obtained
almost exclusively with the 1.5-dimensional transport codes ASTRA and JETTO and
only an indirect use was made of the simulations done with JINTRAC. These will be
extensively described in a future paper.

It should be noted that the codes mentioned above are not all equally well equipped
to model particle transport and fuelling because they do not describe the underlying
physics with the same degree of accuracy. Therefore we decided to start with simple
simulations, gradually increase the level of complexity and deploy only the codes complex
enough to deal with the problem in question.

The material will be presented in the following way: in section 2 we describe the
different aspects of the physics of the problem and the way they are implemented in
the various codes. Section 3 presents the results of the simulations of the steady-state
density profiles. Section 4 introduces simple models for the ELMs and the fuelling.
Section 5 will increase the degree of complexity of the description of these phenomena
by introducing intermittent pellet injection and analyse the sensitivity of a particular
fuelling scenario to plasma parameters such as particle diffusivity, edge stability, wall
recycling and boundary conditions, of which we have either limited control or little idea
of their actual value on ITER. A discussion of the results will be given in section 6 and
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conclusions in section 7.

2. Models and codes for the physics of density evolution and control

2.1. Core transport

All codes deployed in the ISM working group are equipped with a number of models
to describe core particle and heat transport. The first type of models is based on
scaling laws to derive formulae for particle diffusivity D and electron and ion thermal
conductivity x; and x. and ensure that the transport coefficients are dynamically
adjusted with the plasma parameters to keep the energy confinement time in agreement
with the ITER-98(y,2) confinement scaling, as described in [9]. The second type of
models are semi-empirical models like the Bohm/gyro-Bohm transport model [14]. The
third type of models are physics based models like the GLF23 [2], Weiland [3],or Multi-
Mode transport models [13]. For the study presented in this paper we have adopted the
Bohm/gyro-Bohm and the GLF23 transport model.

The implementation of GLF23 in ASTRA and JETTO adopts a numerical scheme
to avoid instabilities described in [15], hence allowing longer time steps in the integration
of the transport equation and faster runs in terms of CPU consumption. However, the
advantages of this implementation are limited to steady-state simulations. When used
to model plasmas with intermittent fuelling and density profiles rapidly oscillating from
peaked to hollow (a situation far from the one for which it was tuned), GLF23 started to
exhibit numerical instabilities induced by the appearance of regions where the density
gradient is close to zero.

For this reason, when an intermittent pellet model, which induces strong transients
in the simulations, was deployed, we reverted to the more robust semi-empirical
Bohm/gyro-Bohm model. However, it should be noted that this model contains a
number of free parameters that were tuned to simulate JET discharges as described
in [14]. In the ITER simulations presented in this paper the values of these parameters
were modified to obtain average density and temperature compatible with @) ~ 10 as
expected in a typical ITER baseline scenario. In practice, with respect to the JET case,
the Bohm contribution to the electron and ion thermal conductivity was enhanced by
a factor of four, whereas the gyro-Bohm contribution was enhanced by a factor of eight
and sixteen respectively. Moreover, to allow for a peaked density profile as the one
predicted by GLF23, an inward particle pinch velocity was added to the conventional
diffusive term describing the particle flux in the model.

2.2. Edge physics

As mentioned in the introduction, the core transport models described in the previous
subsection are not adequate to model the transport inside the transport barrier at the
edge of a typical H-mode plasma. Moreover, to model the plasma edge it is necessary
to simulate the ELMs that appear after the L-H transition and affect the transport at
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the plasma periphery. This situation can be modelled in two ways. The simplest is
to dynamically adjust the transport inside the ETB in order to maintain the pressure
gradient just below the threshold at which the instability responsible for the ELM
is triggered. This description is called the continuous ELM model. In practice the
transport coefficient D and x.; inside the ETB are calculated as:

o B
D = D" + (] - max <O, 0= - 1)

Qe

o B
Xesi = Xeg + Caz - max (0, = - 1)
bl ac

n¢ are the electron and ion neo-

el

where D™ is the neo-classical particle diffusivity, x
classical thermal conductivities, C;_3 are constants (in our case C; = Cy = C3 = 100
m?2/s), Qmae is the maximum normalized pressure gradient inside the ETB and a is the
normalized critical pressure gradient at which the ETB becomes ballooning unstable.
The latter value is determined according to MHD stability calculations. Finally, 3 is
a constant exponent (in our simulations § = 2). This model is implemented in all the
codes used in this study, however, the actual values of . may vary from code to code
due to different normalization of the pressure gradients. In particular, in JETTO, the
normalized pressure gradient « is defined as:

2| Ope(p)/0p + Opi(p)/Op
o /dp Bpol,out(p)

where 19, is the vacuum permeability, R, is the major radius of the flux surface

a = 3.125 pg (Rout(p) — Rout(p = 0))

at the outer mid-plane, p, and p; are the thermal pressures for electrons and ions, ¥
is the poloidal flux, Bpo ot is the poloidal magnetic field strength at the outer mid-
plane, p = \/m, where ® is the toroidal flux, B,.s is the vacuum magnetic field
at a reference position for the geometrical centre of the vacuum chamber (in JETTO
R,y = 6.2 m is usually prescribed for ITER and R,.; = 2.95 m for JET). With this
definition of «, the value for a, was set to 1.7.

The definition of o in ASTRA is:

a = —2 Ry 1o 9p(p)/0p (%)2

where Ry is the plasma geometric major radius, p the plasma pressure, ¢ the safety
factor, B the toroidal magnetic field and p the square root of the normalized toroidal
magnetic flux. To be consistent with the JETTO simulation and taking into account
the different definition of «, the value of a,. in ASTRA was set to 2.

A second way to deal with ELMs is the intermittent ELM model. In this case the
transport inside the ETB is assumed to be very low (e. g. neo-classical) and pressure
gradient inside the ETB is allowed to increase until it reaches a critical value. At this
point the transport coefficients are increased (typically by a factor of 100) for a fixed time
(~ 1 ms) during which the pressure gradient relaxes below the critical value [16]. This
model simulates better the intermittent nature of the ELMs but is likely to introduce
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numerical instabilities especially when coupled with less robust transport models for the
core like GLF23.

2.3. Sources and fuelling

The particle source due to the ionization of the neutral atoms recycling at the wall
is described in JETTO by FRANTIC [17], where a ray tracing technique is used to
calculate the neutral density inside the plasma in cylindrical geometry, and in ASTRA
by directly solving the kinetic equation for the distribution function of the neutral atoms
in slab geometry [10]. In both cases ionization and multiple charge exchange processes
are taken into account to determine the profile of the recycling particle source. The
strength of the source is calculated by imposing that the volume integral of the source
is equal to a given fraction of the particle flux leaving the plasma. It is worth nothing
that both modules are one-dimensional and cannot describe the poloidal asymmetries
of the neutral density profile.

The description of the particle source due to pellet injection requires the
simultaneous modelling of three phenomena: the evaporation of the pellet material,
the parallel expansion of this material along the magnetic field line and the fast VB
induced drift that displaces the ablation cloud towards the low field side of the tokamak
leading from the initial ablation profile to the final deposition profile [18]. Among the
codes available for this study only JETTO is equipped with modules to describe the
pellet particle source. In fact, JETTO is equipped with a neutral gas and plasma shield
(NGPS) ablation module [19] and a more complete ablation/deposition module, called
HPI2 [20]. Both codes calculate the intermittent pellet particle source self-consistently
with the target plasma parameters. The first code deals with the physics of the pellet
evaporation and the expansion of the pellet cloud along the magnetic field lines and
calculates the pellet evaporation and the pellet source profile without taking into account
the fast V B drift displacing the pellet material towards the low field side of the tokamak.
This code is fast and can be used either when the effect of the drift is not dramatic or by
artificially enhancing the pellet injection speed to obtain the desired depth for the pellet
particle source (although in this case the consistence with the target plasma parameters
is lost). The second code takes into account, on top of the pellet ablation and cloud
expansion, also the full effect of the V B drift to provide a fully self-consistent description
of the pellet particle source. This code is much slower and can be used when only few
pellets need to be simulated or when computation time is not an issue and a high degree
of approximation for the shape of the pellet particle source is required.

Other codes can use the results of these modules to simulate the pellet source either
in a continuous or an intermittent way. The simpler option is the continuous pellet
source, whereby a particle source is added to the transport equations with a radial
profile modelled on the pellet deposition profile and an intensity tuned to match the
actual time-averaged fuelling due to the intermittent pellet injection. This option has
the advantage of simulating the pellet particle source in a smooth continuous way and is
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less likely to induce numerical instability in the integration of the transport equations.
A more realistic implementation of the same concept can be achieved by switching on
the pellet source for a duration corresponding to the pellet ablation time and tune its
intensity to match the total pellet particle input as before. A limit of this approach is
that the pellet source profile is prescribed and not modelled self-consistently with the
evolving kinetic profiles.

An important point to keep in mind when using an intermittent particle source
like pellet injection is the large perturbation induced in the particle and energy fluxes
across the separatrix. These oscillations over a pellet injection cycle cause a variation of
the density and temperature profiles in the SOL, which in turn influence the boundary
conditions at the separatrix and other typical parameters of the SOL plasma near the
divertor strike points, like the fraction of radiated power and the degree of detachment.
As mentioned before a full solution of this problem requires the integration of a core
and an edge transport code and is beyond the scope of this paper.

3. Modelling of the steady-state gas-fuelled density profile

The starting point of the analysis of density behaviour in an ITER baseline scenario
was the simulation of the target steady-state density profile. This was achieved with
ASTRA and JETTO equipped with the GLF23 transport model. All the simulations
presented in the following are fully predictive, in the sense that equations are solved for
the plasma current density, deuterium and tritium density, ion and electron temperature.
The electron density and the impurity concentration were calculated consistently with
the prescribed Z.;; profile and the evolution of rotation was not considered.

Before performing fully predictive simulation for ITER, we benchmarked ASTRA
and JETTO against each other to test the implementation of GLF23 in the two codes
and validated the results against JET shot 61109. This deuterium shot, together with
similar ones, is described in [21] and was chosen because it has relatively low collisionality
(v* ~0.015), exhibits a peaked density profile due to an anomalous pinch velocity and
therefore represents a suitable starting point for extrapolation to ITER. ASTRA and
JETTO were set up in order to match the boundary conditions at /¢ = 0.85 (where
¢n is the normalized toroidal flux) and run until a steady state was reached. This is
because the GLF23 transport model becomes unreliable in the pedestal and therefore it
was decided not to model this region of the plasma.

The NBI particle source and power deposition profiles were calculated using the
PENCIL module [22] available in JETTO and the same profiles were used in ASTRA.
This is true in general for all the simulations performed in this study using the ASTRA
and JETTO codes. The consequence of this choice is that while, on the one hand,
similar simulations share the same NBI particle and energy sources, on the other hand
the source profiles are consistent with the density and temperature profiles in JETTO
but not in ASTRA. However, since the ASTRA and JETTO simulated kinetic profiles
are always very similar to each other, this should not constitute a problem.
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The results of the simulations were compared with the experimental density profiles
measured by the JET LIDAR Thomson scattering system and averaged over a five
seconds time window, during which the density could be considered stationary. The
results are illustrated in figure 1 and, for /¢ < 0.85, show good agreement between
the two codes and with the experimental data.

The simulation of an ITER baseline scenario are shown in figure 2. As in the JET
case the boundary conditions were matched at /¢y = 0.85 and the codes run until a
steady state was reached. A peaking factor (defined as the ratio between the density at
Von = 0.2 and the volume average density (n.)) of 1.3 is found. This value is in line
with extrapolations based on the analysis of a large multi-machine database of density
profiles, which gives values for the density peaking factor between 1.3 and 1.4 [6], and
another study based on a smaller database of JET plasmas, which gives a value between
1.2 and 1.3 [5].

In both JET and ITER simulations a steady-state density profile was obtained by
imposing a recycling factor R = 1. This is equivalent to assuming that all the ions
leaving the plasma reenter as neutrals, or, alternatively, that gas puffing can replace
exactly the particles of fuel that leave the plasma and are pumped from the vessel.

4. Steady-state modelling of the pellet source

A first simulation of the effect of pellet fuelling on the steady-state density profiles was
performed with the ASTRA transport code. The analysis is similar to the one presented
in [23]. In this case ASTRA was run in combination with the GLF23 transport model.
Continuous ELMs and continuous pellets models were applied inside the ETB. The
boundary conditions were imposed at the separatrix and adapted in order to have
ne = 0.8-10%° m™3 and T, = T; = 6 keV at top of the barrier. Z.;; was assumed
constant with radius and equal to 1.7. In the simulations a particle source profile
simulating pellet injection was artificially introduced in the transport equations. The
pellet particle source profile was obtained by running the HPI2 ablation code to calculate
the deposition profile of a typical ITER fuelling pellet (cubic 5 mm side, particle content
7.5-10%! atoms), injected in an ITER scenario 2 plasma with ITER-like high field side
(HFS) injection geometry. The source intensity was tuned to simulate a pellet injection
frequency of 4.6 Hz, corresponding to a net particle flux of 3.5-10%? atoms/s and the fact
that in this case gas puffing was replaced with pellet injection was simulated by setting
the recycling factor R = 0.

The results are shown in figure 3. Frames a) and b) show the electron density
and temperature profiles obtained when the steady state is reached. Frames c¢) and
d) represent the effective particle and electron thermal diffusivities given by GLF23 in
combination with the continuous ELMs model. Frame e) shows the normalized pellet
particle source profile. It can be seen that, under this fuelling regime and with the
transport coefficients shown in the figure, a peaked electron density profile with on
axis density of 1.4-10** m™3 can be sustained. Corresponding on-axis temperature are
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T, = 17.7 keV and T; = 14.6 keV. Under this conditions the plasma performances are
characterized by fusion power Pp,, = 360 MW corresponding to () = 11. The same
simulation was performed with JETTO and, despite some differences between the two
codes (e. g. in the way the equilibrium is calculated), almost identical results in terms
of profiles, Py,s and () were obtained.

5. Intermittent modelling of the pellet source

In order to increase the degree of complexity of the simulations and to investigate
the effect of different plasma parameters on the pellet injection requirements, we used
JETTO, which, at the moment, is the only transport code at our disposal coupled
with a full ablation/deposition code. As mentioned in section 2.1, due to problems
of reliability with the GLF23 transport model when used in combination with hollow
density profiles and an intermittent particle source, in this kind of simulations, we had
to reduce the degree of complexity with which the transport was treated by employing
the numerically more robust Bohm/gyro-Bohm model. The D and V profiles used in
the simulations are shown in figure 4. A feedback mechanism for pellet injection was
implemented so that a pellet was injected every time the density at the top of the ETB
dropped below 7.5-10' m~3. Auxiliary power was 33 MW NBI. Boundary condition
were imposed at the separatrix and were set to n, = 4- 10 m=3, T, = 550 eV T; = 850
eV. The continuous ELM model was used with a. = 1.7 to create an ETB and clamp
the value of the pressure gradient inside it just below the ballooning instability limit.
Under these conditions the simulations relaxed towards a quasi-steady-state regime with
characteristic density and temperature profiles and Q).

The effect of different depth for pellet particle source due to different displacements
induced by the VB drift was discussed in [9]. In that study three runs were performed,
one with the full displacement provided by the ablation/deposition code and providing
a pellet particle source profile peaking at v/én ~ 0.92, one where the displacement was
reduced by 50% and the pellet particle source profile peaked at v/¢n ~ 0.95, and one
without any displacement with the pellet particle source profile peaking at /¢y ~ 0.97.
The main result of the analysis was that for the three penetration depths the pellet
injection frequency required to maintain a quasi-steady-state density profile stabilized
at 1, 2 and 5 Hz respectively.

To expand the analysis and to investigate the effect of other parameters on the ITER
fuelling scenario more simulations were performed. These simulations are described in
the following subsections and the results are summarized in table 1.

5.1. Case 1: base case

The base case for this detailed study was similar to the 50% displacement fully predictive
simulation described in [9] and the results are shown in figure 5 and 6. It can be seen
that, after an initial transient, the on-axis density stabilizes at 1.3-10%* m~2 the volume
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average density at 1.0-102° m~3, the on-axis electron temperature at 15 keV and the
volume average electron temperature at 8 keV. The oscillations in the density at the top
of the barrier induced by the injection of a pellet when its value drops below 7.5-10%°
m~2 can be clearly seen from the figure. Likewise the edge plasma cooling caused by
the pellet is clearly seen as oscillation of the electron temperature at the top of the
barrier. When a quasi steady-state situation is reached the number of electrons crossing
the separatrix per unit time oscillates during a pellet injection cycle between 1.1-10%
s~!and 2.5-10?2 s7! and around an average value over a pellet cycle of 1.5-10?2 s71. The

pellet frequency for this particular case stabilizes at 2.4 Hz and the @) value at 12.

5.2. Case 2: increased particle diffusivity in the pellet ablation region

Since the density and temperature perturbations induced by the pellets are likely to
increase the level of turbulence and hence transport in the region where the ablation
occurs [24], we decided to asses the effect of an increased particle diffusivity with respect
to the one predicted by the Bohm/gyro-Bohm transport model. In practice the particle
diffusion coefficient was enhanced in the region affected by the pellet ablation by a
factor of three with respect to the base scenario. The factor three is justified by the
experimental observation that the density perturbation induced by the pellet relaxes
on a faster time scale than predicted by the Bohm/gyro-Bohm transport model and
that the experimental post-pellet evolution of the density profile can be simulated by
enhancing the particle diffusivity by a factor of three in the Bohm/gyro-Bohm model
[25]. The results of this simulations are presented in figure 7 and 8. As a result of
the increased diffusivity the on-axis density stabilized at a lower value, with respect to
the reference case, of 1.1:10%° m™2 and the volume average density at 8.5-10* m™3. As
a consequence of the reduced density the fusion power is reduced and this results in
lower steady-state value for the temperature as well. For this run the on-axis electron
temperature stabilizes at 13 keV, but since this drop takes place in a relatively small
volume in the plasma core the volume average electron temperature is only marginally
reduced to 7.5 keV. The particle losses across the separatrix oscillate between 6-10%! s=1

~1. The pellet frequency necessary

and 8:10?' s7! around an average value of 7-10?! s
to maintain this lower density steady state is 1.2 Hz and the steady-state () settles at
around 7.

The fact that both particle losses across the separatrix and pellet frequency settle to
a lower value when the diffusivity is increased over the pellet ablation region is counter
intuitive and deserves some comment. Indeed, this is a consequence of the way we treat
the ETB in the simulations and can be understood as follows: the increased diffusivity
inside the edge transport barrier results in a less peaked density profile. This in turn
implies a reduction in alpha heating, a lower temperature in the plasma core and a
lower thermal flux at the top of the ETB. Since in our model for the ETB both density
and temperature gradients are kept constant inside the ETB because of the feedback

mechanism on the density at the top of the ETB and of a, clamping the pressure gradient



Density modelling in ITER 11

inside the ETB, the only way to accommodate a reduced thermal flux across the ETB
is to reduce ;. inside the ETB. As a consequence of the fact that in the continuous
ELM model the ratio D/y is kept constant inside the ETB also D is reduced in this
region. This implies a reduction in the particle outflux through the separatrix, a slower
decay of the density at the top of the ETB and, eventually, because of the feedback
mechanism controlling the pellet injection, a lower pellet injection frequency necessary
to maintain the quasi-equilibrium density.

It is clear that although the reduction in the quasi-steady-state density and
temperature is a robust result, the predicted reduction in particle outflux and pellet
frequency is very sensitive to the model used to describe the transport within the ETB
and should be taken with caution because the model adopted in our simulations is
extremely simplified and, although it is effective in keeping the value of o within the
ETB close to the limit imposed by MHD stability, it does not capture the details of
the transport mechanisms in this region. However, this model retains some physical
meaning since a lower plasma pressure resulting from a reduced fusion power source
would probably lead to a lower ELM frequency and therefore lower particle losses
induced by the ELMs.

5.3. Case 3: decreased critical pressure gradient for edge MHD stability

The second test we performed was aimed at assessing the effect of the ELMs and of the
general edge MHD stability on the fuelling performances. This test was prompted by
the finding that the threshold for ballooning instability in ITER might be lower than
the one assumed to estimate the gradient inside the ETB [16]. To do this we decreased
the value of a, from 1.7 to 1.4 in the continuous ELM model, to simulate the effect of a
lower ballooning stability threshold for the plasma edge. The results are shown in figure
9 and 10. It can be seen that the density behaviour does not change much, whereas the
on-axis electron temperature drops to 12.5 keV, the electron temperature at the top of
the ETB decreases on average by 1 keV with respect to the reference case, the average
electron temperature stabilizes at 7 keV and @) decreases to 9. This is a consequence of
the fact that because of the nature of the density feedback mechanisms we are keeping
the density gradient inside the ETB fixed. By reducing the value of the pressure gradient
we are essentially reducing the temperature gradient in the ETB. Since the width of the
ETB is constant in our simulations, this results in a lower temperature pedestal and
therefore, for the same transport model in a lower on-axis and volume average electron
temperature and a lower (). In this case we found that the pellet frequency is decreased
to 1.9 Hz and the particle losses are similar to the reference case. This is not surprising
since the density profile and the particle diffusivity are unchanged from the reference
case.
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5.4. Caseq: simulations with finite recycling

The third test was done to assess the influence of the wall recycling particle source on
the fuelling scenario. The simulations described so far were done with no particle influx
from the wall. To quantify the sensitivity of the fuelling performances to this parameter
we increased the fraction of wall recycling neutrals to 20%. The results, shown in figure
11 and 12, indicate that as a consequence of the increased particle source the required
pellet frequency decreased by 10%, the density and temperature profile, net particle
outflux and ) were practically unchanged with respect to the reference case. This is
easy to understand and is due to the fact that the additional source represented by the
ions recycling on the wall helps sustain the density at the top of the ETB and therefore

less frequent pellets are necessary to keep it above the chosen value of 7.5-10' m~2.

5.5. Case 5: modified boundary conditions at the separatriz

The last test involved the boundary conditions imposed to the simulation. Until now
we have imposed the boundary conditions without taking into consideration the effect
on the density at the separatrix and in the SOL of the additional particle outflux
associated with the pellet injection. This task, strictly speaking, can only be achieved
by running simultaneously a core transport code and an edge transport code. This
is an extremely time consuming analysis and represents a long term program outside
the scope of this paper. However, some separate investigation was done by running
the edge code EDGE2D and varying the number of particle crossing the separatrix
from 2:10%' s7! (representative of a situation where the pellet is ablated deeper in the
plasma) to 10?3 s71 (corresponding to a very peripheral ablation of the pellet). With
increasing particle throughput, the electron and ion densities at the separatrix calculated
by EDGE2D increased from 4 to 810 m~3, whereas the electron and ion temperatures
at the separatrix decreased from 550 to 350 eV and from 850 to 450 eV respectively.

To analyse the effect of varying boundary conditions a simulation was performed
with main ion density at the separatrix increased from 4 to 5.3-10 m=3 and electron
and ion temperature at the separatrix decreased from 800 to 500 eV. The results are
shown in figure 13 and 14. By increasing the density at the separatrix and maintaining
the density at top of the barrier fixed we decrease the density gradient within the ETB.
The results is a decrease in particle losses from between 1.1-10%2 s7! and 2.5-10%2 s™1
to between 1.5-10?' s7! and 1.4-10*? s='. With this reduced particle losses the pellet
frequency necessary to maintain the density at the top of the ETB at 7.5-10* m™3
decreased from 2.4 Hz to 0.4 Hz. This decreased pellet frequency results in a lower
on-axis and volume average density of 12-10' m=2 and 9-10'® m~3 respectively and a
lower value of @) of 9.

To conclude this part of the analysis it should be noted that on one side EDGE2D
predicts higher densities at the separatrix with higher particle flux across the plasma
boundary, whereas JETTO predicts lower particle losses with higher density at the

separatrix. The reason for the two different trends is that JETTO prescribes the density
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at the separatrix and controls the density at the top of the ETB, whereas EDGE2D does
not take into account the density at the top of the ETB and only calculates the density
at the separatrix once the flux at the top of the ETB is prescribed. An equilibrium
point where the two codes give the same density and temperature at the separatrix
must exist and to determine this point a fully integrated and self consistent analysis of
this problem, including the effect of pellet fuelling on the detachment of the divertor is
needed. This analysis is ongoing and will be presented in a future paper.

6. Discussion

The simulations described in the previous paragraphs illustrate what can be done, in
terms of modelling with 1.5-dimensional transport codes and with different degrees of
complexity, to predict the fuelling requirements in the ITER baseline scenario. They also
show the limits of this approach and the uncertainties to be expected when a particular
fuelling scenario will be implemented on ITER. In this paragraph we point out these
limitations and indicate what should be done to overcome them and what implications
they have from the practical point of view of designing a fuelling scheme for a reactor
plasma.

From the modelling point of view it is clear that the results depend critically on the
models adopted for the transport both in the core and the ETB and for the ELMs. In the
simulations presented we have used either a physics based transport model (GLF23) or
a semi-empirical model with a limited number of free parameters (Bohm/gyro-Bohm).
GLF23 has proved numerically unstable when the shape of density profile oscillates
between peaked and hollow due to intermittent pellet injection. Moreover, this model
is not valid in the region of the plasma r/a 2 0.8. Therefore results of transport
simulations must be taken with caution. Finally, no reliable model for the ELMs is
available and therefore the expulsion of fuel following the injection of a pellet (and the
effect of a pellet on the ELM cycle) cannot be modelled with accuracy. This shows the
necessity of developing, on the one side, transport models that can be applied to the
outer region of the plasma and in presence of oscillating plasma profiles and, on the
other side, reliable predictive models for the ELM induced losses. In particular, a useful
model to describe the effect of the ELMs on the fuelling should be interfaceable with a
1.5-dimensional transport code and predict, on the basis of the plasma profiles, when
an ELM is triggered and what the post ELM profiles will be.

A second problem from the point of view of the simulation is related to the boundary
conditions. Strictly speaking this problem can be treated self consistently by coupling a
1.5-dimensional transport code for the plasma core and a two-dimensional transport code
for the SOL, acting in an integrated fashion. Alternatively, an approach similar to the
one adopted in the integrated core pedestal SOL (ICPS) model described in [26] could
be considered. In this case scaling laws deduced from a database of two-dimensional
SOL simulations are used to assure consistency of operating conditions between the core
and the SOL. It is important to note, however, that, when treating intermittent pellet
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injection, consistency will have to be enforced dynamically during the entire pellet cycle
(i. e. density increase and subsequent profile relaxation) and not only in a steady-state
situation.

Another important point highlighted by the simulations presented in the previous
paragraphs is the conditions under which to request pellet fuelling. Pellet injection
could be pre-set at a given frequency in order to achieve a fixed equilibrium density.
However, this will give no control on the plasma performance if the confinement property
of the discharge change in time. Alternatively a feed-back scheme could be implemented.
Assuming that the pellet frequency can be varied, in this study we have implemented
a system aiming at keeping the density at the top of the ETB above a certain value.
However, as we have seen, with different target plasma this does not guarantee that
the fusion power and therefore the ) factor remains the same. Another possibility (not
considered in the present study) would be to feed-back directly on the fusion power
output or on the neutron production rate, as proposed in [27], or on some quantity
more representative of the central density like the line average plasma density. More
analysis of the optimization of the fuelling scheme and density control mechanism in
terms of sensors and actuators is needed from the control point of view.

7. Conclusions

In this paper advanced simulations of density behaviour and control in ITER performed
in the framework of the ISM working group within the European Task Force on
Integrated Tokamak Modelling were presented. Simulations performed with the physics
based GLF23 transport model and where intermittent ELMs and pellet injection were
replaced by continuous processes showed that in the I'TER baseline scenario ¢ > 10
is achievable and peaked density profiles (peaking factor ~ 1.3) can be sustained and
fuelled with a pellet particle source of 3.5-10%2 particle/s, corresponding to a pellet
injection frequency of 4.6 Hz if the pellet mass is 7.5-10*! atoms. Clearly this fuelling
scenario would result in a burden for the pumping system of exactly 3.5-10?2 particle/s.
This corresponds to a pumping speed of ~ 65 Pa m?, which is below the maximum
pumping speed of 120 Pa m? presently in the ITER design. It should be noted, however,
that these results, although corroborated by the fact that they were obtained with two
different codes (ASTRA and JETTO), cannot be easily extrapolated to the case of
a more realistic intermittent particle source and oscillating density and temperature
profiles, where GLF23 does not provide a reliable description of the transport.

Further simulations were performed with the JETTO transport code where a
realistic description of the intermittent pellet particle source was implemented. However,
due to the numerical problems that emerged when GLF23 was used in combination
with zero density gradients, to analyse this situation we had to revert to the semi-
empirical Bohm/gyro-Bohm transport model. This second set of simulations allowed
us to analyse the impact on the fuelling performances and the final quasi steady-state
plasma parameters of the uncertainties in the reaction of the particle diffusivity to
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the perturbation induced by the pellet, the marginally stable pressure gradient in the
plasma ETB, the boundary conditions at the separatrix compatible with a fully detached
divertor and the influence of the wall recycling source.

It was shown that varying independently each parameter can result in a maximum
variation of the pellet frequency required to maintain a certain density at the top of the
ETB of at least a factor of two, whereas the variation of average density and temperature
is in the order of 10-15% and of @ in the order of 40%. A value of ) > 7 seems to be
achievable in all the cases analysed.

The simulations showed also the limits of the description we can provide with the
models presently available and indicated that a better description of particle transport
in presence of hollow density profiles, a reliable transport model applicable in the ETB
and a good description of the ELMs and of the reaction of the ELM cycle to the pellet
fuelling are necessary.

Finally we showed that, if a feed-back scheme is to be implemented to control the
pellet fuelling system, a dedicated study will have to be performed to determine the
parameter (or combination of parameters) one will have to feedback on.
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Table 1. Summary of the simulation results described in section 5. (Intermittent
modelling of the pellet source, Bohm/gyro-Bohm transport model and continuous ELM
model in the ETB).

Case Description n¢(0) (ne) T.(0) (To) Q@ fp  (Touw)
(1019 m~3] [10'Y m™3] [keV] [keV] [Hz] [10%2 s71]

1 Reference case 13 10 15 8 12 24 1.5

2 Enhanced particle diffusivity 11 8.5 13 75 7T 12 0.7

3 Normalized critical pressure gradient o, = 1.4 14 11 125 7 9 1.9 1.2

4 Recycling R = 0.2 13 10 15 8 12 22 1.5

5 Modified boundary conditions 12 9 15 8 9 04 0.2
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Figure 1. Simulation of JET shot 61109. Top: electron density profile from ASTRA
(dashed line) and JETTO (solid line), both equipped with the GLF23 transport model.
The shaded area is the experimental profile with associated error bars. Bottom: NBI
particle source used in the simulation.
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Figure 2. Simulation of ITER scenario 2. Top: density profile from ASTRA (dashed
line) and JETTO (solid line), all equipped with the GLF23 transport model. Bottom:
NBI particle source used in the simulation. The two peaks in the particle source
profile are due to the ITER neutral beam injection geometry with one beam lying on
the machine equatorial plane and the other tilted with respect to it.
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Figure 3. Simulation of a pellet fuelled ITER scenario 2 plasma with ASTRA
equipped with the GLF23 transport model, continuous ELMs and continuous pellets.
a) electron density profile, b) electron temperature profile, c) effective particle
diffusivity, d) effective electron thermal conductivity, e) normalized pellet particle
source.
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Figure 4. Radial profiles of the particle diffusivity (top) and convective velocity
(bottom) used in the JETTO simulations of the ITER pellet fuelled baseline scenario.
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Figure 5. Evolution of plasma density (top) temperature (middle) and particle losses
(bottom) for the reference simulation of the ITER pellet fuelled baseline scenario.
In the top and middle frames solid lines correspond to on-axis values, dotted lines to
volume averages and dashed lines to values at the top of the edge transport barrier. The
grey shaded area highlights the time window where the quantities can be considered
quasi stationary and averaged.
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Figure 6. Electron density (top) and temperature profiles for the reference simulation
of the ITER pellet fuelled baseline scenario. Solid lines indicate profiles averaged over
the time window highlighted in 5 and dashed lines show the extremes between which

the profiles oscillate between two successive pellet injections.
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Figure 7. Same as figure 5 for the case where the Bohm/gyro-Bohm particle diffusivity

was increased by a factor of three in the region affected by the pellet ablation. The

red lines correspond to the base case and are shown for comparison.
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Figure 8. Same as figure 6 for the case where the Bohm/gyro-Bohm particle diffusivity
was increased by a factor of three in the region affected by the pellet ablation. The
red lines correspond to the base case and are shown for comparison.
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Figure 9. Same as figure 7 for the case where «. in the continuous ELM model was
reduced from 1.7 to 1.4.
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Figure 10. Same as figure 8 for the case where «, in the continuous ELM model was
reduced from 1.7 to 1.4.
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Figure 11. Same as figure 7 for the case where the recycling factor R was increased
from 0 to 0.2.
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Figure 12. Same as figure 8 for the case where the recycling factor R was increased

from 0 to 0.2.
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Figure 13. Same as figure 7 for the case where main ion density at the separatrix was
increased from 4 to 5.3 - 101 m—3 and electron and ion temperature was decreased

from 800 to 500 eV.
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Figure 14. Same as figure 8 for the case where main ion density at the separatrix was
increased from 4 to 5.3 - 10 m—3 and electron and ion temperature was decreased
from 800 to 500 eV.



