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Abstract

Recent results of divertor modelling at ITER JCT are summarised and a number of requirements t
the code reflecting the reactor specifics are discussed. Some modelling results incorporated in tf
ITER divertor design, such as the beneficial effect of V-shaped targets, the importance of high ga:
conductivity between the divertors, and the role of deep core fuelling in maintaining the plasma
density are discussed.

1. Introduction

Divertor modelling has become an essential tool for the design of the ITER divertor during the
ITER EDA. Based on validation against present-day experiments, it allows the data from existing
experiments to be extrapolated to the reactor conditions expected in ITER. The development of th
codes has been continuing in parallel with the accumulation of experimental data, and the modelling
results have strongly affected the evolution of the ITER divertor concept. The overall philosophy of
the modelling studies for a reactor — i. e., for a machine which does not exist yet — is to use a cod
validated as well as possible against the present experiments, to use physically justified mode
assumptions and boundary conditions, and to check the results for trends which can be found in tt
present experiments. The paper describes the present status of reactor-oriented edge plasma model
with a primary focus on its application to ITER.

Recent results of ITER divertor modelling have revealed several effects of the divertor geometry
which can be verified against experimental data and are therefore taken into account in the divertc
design. In particular, V-shaped targets facilitate the partial detachment of the divertor plasma near th
separatrix strike points, reducing the peak power loads at given upstream density, and high ga
conductance from the inner to the outer divertor is found to be important in enhancing radiation from
the outer divertor, which has a higher power load. These issues, together with some other modellin
results concerning ITER divertor performance and its compatibility with the core plasma are discusse
in Section 2.

The quantitative difference in the main machine parameters between the reactor and presel

experiments changes the importance of several issues when reactor modelling is undertaken. Hig



output power causes a significant increase of the recycling particle fluxes, and long pulse duratior
leads to an equilibration of the particle content of the wall with the plasma, thereby leaving the particle
balance to be sustained by pumping and fuelling — with fluxes two to three orders of magnitude lowe
than the recycling particle flux. This requires special attention to the quality of the particle balance in
the code. A proper choice of the boundary conditions allows artefacts, such as unrealistic particls
sources or impurity absorption in the plasma core, to be avoided, and is therefore crucial whet
extrapolative modelling is carried out. These issues are addressed in Section 3. Section 4 contains
discussion of several outstanding near-term problems in ITER edge modelling, and the conclusions al

given in Section 5.

2. Recent results of ITER modelling

In this section, we summarise the results of application of the B2-Eirene code [1] to the analysis o
the divertor for the latest modification of ITER (so called ITER-FEAT [2]). These studies have been
undertaken since 1998 when the decision on the reduction of the machine cost, and hence the size, v
taken [2]. The B2-Eirene code package realises a model consisting of a coupled 2D fluid model for the
electrons and ions (B2) and a 2D Monte-Carlo model for atoms and molecules (Eirene). In most of th
calculations quoted here, the plasma is assumed to consist of electrons and ions from D (representi
both D and T), He, and C. All the ions have the same tempeflatuvlich can be different from the
electron temperaturg,, and each charge state is described as a separate fluid. Conventional sheatl
boundary conditions [1] are applied at the targets and a radial decay length of 3 cm is specified at tt
grid edges near the walls of the main chamber and in the private flux region (PFR). Finally, a
uniformly distributed power flux carried by electrons and ions and either ion density or ion flux for
each ion component are specified at the core-edge interface (CEI) — the innermost closed flux surfac
of the computation domain at the plasma core side. For the neutral particles, recycling conditions ar
applied on the targets and walls for gaseous species such as D and He, and full absorption is assun
for sticking species like C. The CEl is fully absorbing for neutrals, the pump duct entrance in PFR is
modelled as a section of the wall with some absorption probability for incoming particles (several per
cent, determined by the pumping speed), physical and chemical sputtering at the carbon-clad surfac
(targets and lower baffles) provide a self-consistent carbon source, and gas puffing is introduced fror
the top of the main chamber. At present, hydrocarbons are not considered, so that chemical sputterit
immediately produces carbon atoms in the model.

The results are presented here in different cross-sections of a multi-dimensional operationa
window [3], mostly in the form of density scans. Indeed, the divertor must meet several constraints
stemming from engineering limitations such as peak power load on the targets or particle throughpu

on the one hand, and physical requirements of compatibility with the core plasma such as upstreal



plasma density or helium concentration, on the other. Note that some of these limitations are not ye
well defined and are the subject of ongoing studies and development.

2.1. Effect of the target shape

Design studies performed for ITER [3], mostly for a straight vertical target divertor geometry,
have revealed that peak power loads are reduced when the targets meet the divertor bottom at
angle, forming a V-shape near the strike points, Fig. 1. The PFR side of the “V” helps to keep the
neutrals in the vicinity of the strike point, thus favouring partial plasma detachment. The necessarn
depth of the “V” can be estimated from the requirement that the time it takes the plasma ions to reac
the target from the opening of the “V” be comparable to the recombination time [4]. Our calculations
show that partial detachment for ITER conditions occurs when the neutral density near the strike poin
is around 18! m-3, and the typical values of the plasma density and temperature there’ame310
and 1 eV, respectively. For such plasma parameters, the charge-exchange mean-free-path is arot
1 mm, much less than the dimensions of this detachment (i.e., recombination) zone, and therefore tt
flux of neutrals leaving the recombination zone for the private flux region (PFR) where the pump duct

is located, can be estimated using a diffusion approximation. The effective diffusivity for neutrals is
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Vo MoV 010 m?/s, where ¥ is the thermal velocity of atoms amg is the charge-
exchange rate. For the conditions of the calculation with the "V", i.e. a typical cross-field distance of
about 3 cm, a neutral density 0f22@1-3, a major radius of the outer strike point R = 5.5 m, and a flux

to the pump (the particle throughput) of236-1 or less, one can estimate the poloidal length of the
recombination zone in the absence of the “V” to be ~ 1 cm. The neutral density in the PFR is aroun
5-109 m=3 (5 Pa at 1 eV), much lower than in the recombination zone. However, efficient
recombination, given a recombination rate of 4 40 for these plasma parameters, a plasma fluid
velocity ~ ¢s ~ 10 m/s and a pitch angBg¢/B; ~ 0.1, would require a poloidal length of ~ 10 cm, so

that detachment would not yet occur in the absence of the "V".

If a V-shaped section of the divertor floor is introduced which has a wall 10 cm long, parallel to
the separatrix and shielded by the “dome” (Fig. 1), the effect is indeed strong. Use of such a “V”
reduces the peak power load by 30% compared with a straight vertical target for ITER-FEAT (see
Fig. 2). This can outweigh the effect of the variation of the divertor length or the divertor closure. A
reduction of the pumping speed causes a similar effect [3], i.e. increased neutral pressure in th
divertor and reduced power load, but leads to a deterioration of helium removal — which is not the cas
for our modification of the target shape. Further optimisation of the divertor shape has resulted in the
geometry shown in Fig. 3 (“new V") which allows the power loading to be reduced further (“new V”
points in Fig. 2). Note that the results for the “new V” in Fig. 2 are obtained with realistic gas



conductance between the divertors and the pump. This conductance takes the effect of the structur
beneath the dome into account, and corresponds to a transparency lower by a factor 0.56 than tt
previously used (see next Section).

A similar trend was found in the JET experiments with strike point sweeping over the target corner
[5]. It was shown that the V-shape of the target near the x-point facilitates partial detachment provide

that the plasma density is sufficient to ensure neutral plugging.
2.2. Interplay of the inner and outer divertors

Most of the simple theoretical models used for qualitative analysis of divertor performance
consider a single divertor with symmetry conditions upstream (see e. g. [6]). However, the presence ¢
two divertors (inner and outer) with unequal power load introduces a new parameter which can be
essential. Indeed, the natural asymmetry of the power loading between the inner and outer diverto
causes a corresponding asymmetry of the plasma temperature near the target and this, given t
balance of plasma pressure along the magnetic field, makes the recycling neutral flux in the inne
divertor stronger than in the outer. As a result, a global particle circulation arises: the plasma flows
along the magnetic field, mostly around the core, from the outer to the inner divertor, and this flow is
balanced by a neutral flow from the inner to the outer divertor through the PFR. The gas conductanc
of the PFR becomes now an important parameter which controls the fuelling of the outer divertor by

neutrals from the inner one.

In order to model this effect, two semi-transparent surfaces connecting the dome edges with th
divertor bottom were introduced, Fig. 3 [4]. The transparency of these surfaces — that is, the
probability ¢ that a particle impinging on the surface traverses it — was varied between 1 (surface fully
transparent) and O (divertors closed to the PFR). The results are shown in Fig. 4 where the peak pow
load is plotted against the upstream density for different valu&s ©he effect is clearly seen:
reduction of the gas conductance between the divertors results on the whole in a considerable increa
of the peak power loading (with saturation seefi=t0.25 to 0.1). Comparison with a two-chamber
model shows that the dome conductance prevails over the transparent wall conductan@® at he
effective pumping spee§, quoted in Fig. 4 is the ratio of the net particle outflow from both divertors

toward the pump to the average pressure on the semi-transparent surfaces in Fig. 3.

The increase of peak power loading in the modelling is consistent with the JET experiments [7],
where the introduction of a “septum” separating the inner and outer divertors was found to increas
the asymmetry of the divertor parameters, i. e., the outer divertor became hotter and the inner on
more detached. In that experiment, it was found that symmetry of the divertor parameters can b

recovered by gas puffing in the outer divertor. This approach does not however look feasible in ITER



the gas throughput between the divertord=atl is calculated to be 300 to 400rR¥s, far beyond the
pumping capability of ITER (DT throughput 100 to 200f%s). A sufficiently large gas conductance
between the divertors in the PFR should therefore be provided in ITER, and the latest divertor desig

[8] corresponds t@ = 0.56 (the value used for the “new V” results in Fig. 2).
2.3. Compatibility with the core plasma

The available experimental data in H-mode indicate that the separatrix demsityt expected to
exceed 1/3 to 1/4 of the line average density [9]. This means that at least 2/3 or 3/4 of the core densi
must be built up in the “pedestal” region of the core plasma near the edge. The corresponding densi
gradient gives rise to an outward particle flux which has to be compensated by adequate fuellin
inside the separatrix. Our studies [10] show that gas puffing in the main chamber, which is a techniqu
commonly used in present-day experiments, would be quite inefficient in a reactor. In calculations for
ITER with the gas puff from the top, the atomic DT flux across the separatrix increases but weakly
with the puffing ratery; 4 Staying almost constant for the high input power, Fig. 5. The scrape-off
layer (SOL) plasma screens the core from both the puffed and the recycled neutrals. The gas puff
therefore a means of controlling the SOL and divertor density rather than the core density. Recer
studies of core transport for ITER [11] have indicated the need to control the core fuelling intensity
and profile. The present results together with those of [11] indicate that a significant part of this

control will have to be performed via deep fuelling (e.g. pellets or low-energy beams).

Another way of rendering the core and edge densities consistent — an increasenaly also be

not so straightforward, even if it proves to be acceptable for the core confinement. Fig. 6 shows
variation ofng with increase of the gas puffing rate [10]. The density increases and then saturates a
ot ouit IS INCreased, accompanied by plasma detachment in the inner divertor. A further substantia
increase of,; ,,« leads again to an increasemf with the inner divertor now fully detached. The
saturation level, both ing and throughput, increases with input power, and the rate of increase with
I'or ou OF the recombination neutral source, and of the power radiated by neutrals increases where tt
density is saturated. This picture looks qualitatively similar to [6] where a theoretical model was
developed which describes the saturation,@fue to volume recombination. In that simplified model,
only one divertor was considered, whereas in our case, it is the inner divertor, which carries the
smaller part of the power and detaches first, that determines the saturation. A further density increas
can occur once the detachment of the inner divertor is completed, and the outer divertor remain

attached.



2.4, Effect of impurity seeding

Seeding the reactor plasma with a noble gas has been considered a possible means to enhance
radiation from the plasma edge and hence to reduce the target loading. Because this impurity seedi
may become crucial if carbon has to be avoided as a plasma facing material because of high ct
deposition of tritium [8], some modelling effort has been devoted to this problem [3, 4]. Assuming a
constant impurity fraction in the plasma, one could expect that high-Z noble gases like Ar or Kr would
be most efficient in terms of edge radiation powerZ.in the plasma because their radiation
efficiency in theTe range from 5 to 100 eV is much higher than that of C or Ne [9]. However, the
results of B2-Eirene modelling show some qualitative difference from these simple estimates. First, i
the edge power balance is dominated by carbon radiation, then additional neon seeding of the edq
plasma mostly increas&ss with a minor effect on the radiated power [3]. In this case, neon simply
replaces carbon as a radiator instead of adding to it. Indeed, the main carbon source in the model (a
probably in reality) is chemical sputtering by hydrogen isotopes, which is largely proportional to the
recycling particle flux. Once an extra radiating impurity is introduced into the plasma, the power

remaining for hydrogen ionisation is lower, thus reducing the recycling flux and the carbon influx.

If a recycling impurity (Ar, Ne, or N) is introduced in a carbon-free divertor, then no strong
difference between different impurity species is found [4]. The peak power loading on the target
correlates mostly witimg andZq; at the CEI, Fig. 7, so that no clear advantage of Ar over Ne is seen,
and more detailed considerations on the spatial distribution of the impurities are required to elucidat
the differences seen. Indeed, the reason for this unexpectedly weak dependence on the kind of t
radiating impurity, in spite of the well-pronounced difference in the radiation efficiency [9], can be
found in the impurity ion transport. Argon has higher radiation efficiency at low temperatures than
neon, but the ionisation potentials of the same charge states for argon are lower. This means that f
the same plasma temperature, argon ions are higher ionised and therefore subject to a stronger therr
force driving them upstream, towards higher temperatures where the radiation is less efficient — an
where theZq; values are compared. Note that a similar effect, that is, a weak dependence of the
radiated power on the impurity species used for discharge seeding, was reported from the JE
experiment [12] — although the total radiation was considered there, not that from the edge.

2.5. Effect of helium atom scattering

Efficient helium removal is one of the most important functions of a divertor in a tokamak reactor.
This efficiency is reflected by the helium concentration at the sepacariwhich must be kept low.
The general picture of helium transport in the SOL and divertor can be described in the following way

[13]. The helium ions leaving the core diffuse across the magnetic field to the outer, cooler part of the



SOL and flow to the targets there rather than in the hot part of the SOL adjacent to the separatri
since in the latter region a thermal force drives them upstream in the direction of the temperatur:
gradient, away from the target. After neutralisation at the outermost part of the target, the heliun
atoms have to cross the divertor plasma before they reach the pumping duct. lonisation of heliun
atoms gives rise to helium recycling which increasgs Therefore plasma detachment, even patrtial,
improves the helium removal efficiency by reducing helium recycling. For most of the ITER
calculations performed so far, no collisions of helium atoms with the plasma ions were taken into
account, and therefore helium atoms were not scattered in the plasma. Whereas such a neglect can
justified for charge-exchange collisions (low cross-section with ions of hydrogen isotopes and low
concentration of helium ions), the elastic collisions with D (or T) ions can be important. These
collisions both heat up the He atoms, thus increasing their mean-free-path, and scatter them in angl
increasing the probability of reaching the pumping duct. The overall result of including the elastic
collisions of He atoms with background plasma ions is illustrated in Fig. 8. The effect on power
loading is weak, because helium is not so important in the power balance. A significant (factor 3 to 5
reduction ofcye is observed, increasing with plasma density and giving a measure of a strong positive

effect due to elastic collisions, which enhances the margins for divertor optimisation.

3. Reactor specifics in edge modelling

3.1. Accuracy of particle balance

In a typical ITER case, because of high input power, the total neutral source due to plasmz
recycling and volumetric recombination is around@>?, whereas the fuelling and pumping which
are to be used to control the divertor operation amount to a particle throughput b&ew. Ithis
means that the error in the particle balance in the model must be well below 1%, and this is ¢
challenge for a hybrid code like B2-Eirene. The problem is that the ion transport is treated within the
fluid model which is essentially implicit, whereas the neutral transport is modelled by a Monte-Carlo
method and yields the particle sources for the fluid model, which are explicit. This leads to a violation
of global particle balance during each time step for the fluid equations. Consider, for example, the
particle balance during recycling on a single target.fyéde the ion flux to the targeft, the neutral
flux to the pump, ané the total ionisation source in the plasma. Then the neutral recycling Hux
I'4—Tp and the ion recycling flus are equal after each call to Eirene, that is, before a B2 step, and
they evolve differently during the B2 iterations. Indeggljs the integral of the ion flow over the
target, which depends on the local ion density, &usdan integral over the plasma volume of a source
which has an implicit part (i.e. proportional to the ion density). The resulting discrepancy is normally
within a few percent of the source, but this is still bigger than the pumped flux. In order to reduce this



discrepancy, scaling factotg =1 can be introduced for each neutral source (denoted here by the
subscripti) with the values otr; adjusted in course of the B2 iterations so that the neutral and ion
recycling fluxes remain in balance. Such a procedure, realised in the B2-Eirene code, allows
improvement of the accuracy of the particle balance by 3 orders of magnitude, making it possible t

study the effect of pumping and fuelling in ITER.
3.2. Boundary conditions at the core-edge interface

Since the plasma core is not included in the edge model, a proper set of boundary condition
should be selected at the CEI. The choice for the energy equations is rather obvious; we specify tr
power fluxes carried by electrons and ions. There are no significant energy sources in the edge, so tt
these fluxes set the scale for all energy source terms in the equations — and this makes a positi
contribution to the numerical stability of the calculations. There is still some arbitrariness in the power

split between the electrons and ions, but it does not lead to non-physical results.

Proper boundary conditions at the CEI for the continuity equations require more consideration. Fol
interpretive modelling, the first choice would be specification of density. This quantity can be
measured more easily than the particle flux, and such a boundary condition is convenient from th
numerical standpoint. However, it may be not the best choice for extrapolative modelling. This density
is not a well-controllable quantity and its use without other constraints, for example in density scans
may result in an unreasonably high particle flux from the core or in an unphysical particle flux into the
core (we model a steady state, and there is no particle absorption in the core). The alternativ
boundary condition, specification of particle fluxes across the CEl, can only be applied meaningfully
if the particle balance is improved as described above because these fluxes are usually very lo
compared to the recycling flux. The situation is more complicated for the impurities because of a
possible interplay of different ionisation states in the core, and no accurate solution is available at th

present time.

The results presented in Section 2 were obtained using various boundary conditions. For th
straight target and “old V” configurations (2.1, 2.4), theién density at the CEIl was specified and
varied to make a density scan. The same was done for the gas conductivity study (2.2). The densi
scans with the “new V" geometry were done keeping theod flux across the CEIl constant and
varying the gas puffing rate. In all cases, the Hensity at the CEIl was zero (justified by the plasma
temperature of several hundred eV there) and the #nsity was adjusted to obtain the right balance
between the source of helium (fusion power) and its flux to the pump. Since sputtering and absorptiol
at the walls dominate the particle balance for carbon, zero particle fluxes across the CEIl were
specified for every charge state of C ions. Two different approaches were used for the seede



impurities (2.4). One was to specify the density of the highest charge state and zero fluxes for the res
This approximately corresponds to feeding impurities deep into the core and has been used for initi
runs with Ne. The drawback of such a boundary condition is that the relative population of different
charge states depends on the plasma temperature and that therefore a constant density of one partic
charge state means variable particle influx. Another approach was to specify zero particle fluxes
across the CEIl and apply an impurity gas puff in the divertor. This was used for Ar, Ne, and N. In this

case, the requirements to the impurity particle balance become more demanding.

4. Discussion

The introduction of V-shaped divertor targets described in Section 2.1 results in a trade-off
between divertor performance and machine flexibility, which is very important for an experimental
reactor like ITER. The primary problem here is the sensitivity of the divertor operation parameters
(above all, power loading) to the strike point position, which can be controlled to a given but finite
accuracy by the feedback control system. The first results on this sensitivity were reported in [10]
where theqgp variation with the plasma equilibrium modification due to the design values of the
changes of the plasma current profiles was found to be acceptable. More work is needed to assess
effect of transient displacement of the strike points possible under feedback control of the plasm:

position.

The problem of good particle balance is more severe for impurities. Besides coupling with
neutrals, a similar explicit-implicit approach is used in the code for the particle exchange between
different charge states. This makes the computation more stable numerically, but at the expense of tl
accuracy of the particle balance. Furthermore, the concentration of seeded impurities is low, and thi
can compound the numerical difficulty. Work on this problem is under way, but reliable results are not

available yet.

Elastic collisions with background plasma ions can be important also for neutral species other tha
helium atoms. For hydrogen atoms, they can hardly be distinguished from charge exchange which |
included in the model. For the molecules, vibrational excitation should also be included. This proces:
facilitates the break-up of molecules and thus counterbalances the effect of elastic collisions. For th
carbon atoms, the scattering should be less important because of their higher ionisation rate, but
could play some role in the low-temperature region of partial detachment. In any case, these effect
should be included in the model.



5. Conclusions

Divertor modelling has made important contributions to the optimisation of the ITER divertor and
this work is continuing. The recent divertor design accommodates several key points found in
modelling and substantiated by existing experimental data, such as the beneficial effect of V-shape
divertor targets and the importance of high gas conductivity between the divertors in the private flux
region. More attention is also being paid to deep fuelling methods such as pellet injection, which may
be essential for core plasma fuelling given the recent modelling results on strong screening of thi
puffed neutrals by the SOL. More effort is required to clarify the potential of impurity seeding with
different recycling gases. The first results indicate that there is less freedom of choice here than migt
have been expected, but the impurity transport model needs refinement before definite conclusions c:
be drawn. Recent modelling results obtained with elastic collisions of helium atoms with background
plasma ions indicate that helium removal could be a less severe problem for ITER, and this
observation expands the possibilities for divertor optimisation for reduction of the power loading.

Compared to interpretive modelling for the present-day experiments, reactor modelling has its owr
specific requirements and constraints. High recycling fluxes and long discharges increase thi
requirements on the accuracy of the particle balance in the code in order to be able to treat pumpir

and fuelling properly. Such an accuracy requires special efforts in the code.
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Figure captions

Fig. 1. Variation of the divertor geometry used to study the effect of the “V” (straight vs. “old V”).

Fig. 2. Variation of the peak power loading of the target for three values of the power entering the
SOL. Circles correspond to the “old V' geometry in Fig. 1, squares and triangles to the “new V”

geometry shown in Fig. 3.

Fig. 3. Model geometry used for the gas conductance study (“new V”). Thick dashed lines show the

semi-transparent liner surfaces and arrows indicate a typical neutral flow pattern.

Fig. 4. Peak power vs. upstream density for V-shaped target. Input power 100 MW, varying effective
pumping spee®, (m?/s) is shown for comparisod.is the probability that a neutral particle impinging

on the liner under the dome traverses it.

Fig. 5. DT atom influx into the core vs. gas puffing rate for the divertor geometry shown in Fig. 3. For

notations, see the legend in Fig. 2.

Fig. 6. Upstream plasma density vs. DT particle throughpu§fer 20 ni/s and different values of

the input power.

Fig. 7. Divertor performance with impurity seeding: peak power loading vs. upstream plasma density
(a) and Zj at the CEI vs. DT particle throughput (b). The curve corresponding to the intrinsic carbon
impurity as the radiator is also shown for comparison. The input power is 86 MW, effective pumping

speed 75 Ais, straight target.

Fig. 8. Effect of He atom scattering: peak power loading on the tgyiges$. upstream plasma density

ns (&) and relative helium concentration at the separetgws. DT particle throughputpt (b) for
different values of the input power. Cases with 100 and 130 MW have the same fusion power of
600 MW and helium production rate, cases with 86 MW have fusion power and helium production

rate lower by factor 1.5.
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