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Summary 

This report describes the fully automatic linkage between the finite 
difference, two-dimensional code EDGE2D, based on the classical 
Braginskii partial differential equations of ion transport, and the 
Monte Carlo code NIMBUS, which solves the integral form of the 
stationary, linear Boltzmann equation for neutral transport in a 
plasma. The coupling has been performed for the real poloidal 
geometry of JET with two belt-limiters and real magnetic configura
tions with or without a single-null point. The new integrated system 
starts from the magnetic geometry computed by predictive or 
interpretative equilibrium codes and yields the plasma and neutrals 
characteristics in the edge. 

Riassunto 

Per lo studio dei plasmi di bordo nelle macchine a fusiere con confi
namento magnetico, e' necessario un modello consistente che tenga 
conto delle sorgenti di particelle e di energia dovute ai neutri ri
ciclati dalle pareti. Codici esistenti trattano separatamente il pla
sma e i neutri, ma richiedono uno scambio d'informazioni che diventa 
proibitivo nei casi di configurazioni magnetiche e geometriche reali
stiche. Si descrive qui un accoppiamento completamente automatico 
realizzato tra il codice di plasma EDGE2D alle differenze finite e 
e il codice Montecarlo di neutri, NIMBUS. Il nuovo sistema integrato 
e' stato applicato all'analisi degli effetti di bordo nel JET. 
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LINKING THE PLASMA CODE EDGE2D TO THE NEUTRAL CODE NIMBUS 

FOR A SELF-CONSISTENT TRANSPORT MODEL OF THE BOUNDARY 

1 . I n t r o d u c t i o n 

For the determination of the plasma characteristics in the edge of 
tokamaks, a self-consistent model must couple the plasma with the 
particle and energy sources due to the recycled neutrals . We wi l l 
describe here the ful ly automatic coupling between the plasma code 
EDGE2D and the neutral code NIMBUS. 

EDGE2D | l | i s based on the c lass ica l system of Braginskii 's partial 
differential equations describing the ion, energy and momentum trans
port. From these equations a simplified one-fluid model has been 
derived for the plasma boundary layer» which takes into account the 
vessel geometry and magnetic configuration, with paral le l and radial 
transport, on the assumption of toroidal symmetry. The numerical method 
used is the f inite-difference scheme» with a sp l i t t ing technique In 
spatial directions. A two-fluid extension of the model (already includ
ing the coupling with the neutral code) is under test | 2 | . 

NIMBUS 13-71 solves the stationary, linear Boltzmann equation in 
the integral form, describing the transport of neutral part ic les in a 
plasma, taking into account the interactions of atoms and molecules 
both with ions and wal ls . The numerical method is Monte Carlo, i . e . , 
the stochastic simulation. The code can operate both in two and three 
dimensions. The mode considered here i s the f i r s t ; more precisely, in 
the present coupling the geometry i s an inf ini te , straight cylinder 
with arbitrary cross section, thus neglecting toro id ic i ty . 
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The guidelines for coupling these codes were the following: 

1) to adopt in the stochastic simulation the integration mesh used in 
the finite-difference code in order to avoid ambiguous conversions 
of the results between the two codes; 

2) to use the standard, general form of NIMBUS (rather than an "ad hoc" 
version), for the following reasons: 

i) to allow immediate adoption of updated versions when future im
provements of the stochastic model are introduced; 

ii) to prepare a standard input-file acceptable by stand-alone 
NIMBUS for further investigations of the problem considered: 
e.g., enrich the statistics, compute standard deviations of 
prescribed quantities, take into account self-sputtering effects 
on walls, add data to perform 3-dimensional analysis of pump-
ducts. 

The intention to adopt a common geometry specification contained a 
potential danger: in fact, the sophistication of the mesh used in the 
plasma code could have produced an unacceptable statistical noise in 
the neutral code. On the other hand, this danger had to be tested 
through an extensive numerical experimentation carried out on realistic 
geometries, and this made the fully automatic linkage of the codes im
perative because of the dimensions of the problems to be solved. 

As mentioned above, the numerical methods in the two codes are' 
completely different: the geometry in the plasma code is taken into 
account through a set of points which cannot in general be reduced to a 
quadrangular grid, and the solution is determined at each point of the 
set. In the neutral code, instead, the results are statistical averages 
over regions, and these regions must be described by means of Boolean 
functions of elementary figures; moreover,also the geometrical descrip
tion of the material regions surrounding the plasma is required in 
order to simulate the wall interactions. This great diversity of 
approach explains the non-triviality of the coupling and justifies the 
dimension of the linking routine, which consists of about 3000 FORTRAN 
instructions, compared with 7000 in EDGE2D and 12000 in NIMBUS. Besides 
the input data of the plasma code, the only supplementary data now 
needed by the Monte Carlo code are: a) the number of neutral histories 
to be run, b) the nature of the wall, c) the decimation probability of 
sputtered particles (to avoid excessive proliferation of heavy impurity 
histories). The input file for NIMBUS is now automatically generated by 
•cans of these data. The description of the geometry and physics for a 
case like that shown in Figs.1-3 requires 5000 records, a dimension 
beyond any non-automatic preparation. 

The integrated system is already operating on the CRAY computer for 
geometries without null-point.It starts from the magnetic configuration 
computed by a predictive |8| or interpretative |9,10| equilibrium code 
and yields the plasma and neutrals parameters in the edge. 
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The case of a null-point has been implemented in the linking rou
tine, but has not yet been tested because the corresponding part is 
still being completed in the plasma code. A possible interference 
of the separatrix with the limiters has been foreseen. 

2. Plasma geometry representations 

EDGE20 begins from a magnetic geometry computed by an equilibrium 
code 18-101 and constructs a curvi linear,orthogonal p,9 grid (Figs.1-4), 
where p labels the magnetic surfaces and 8 is a coordinate along the 
surfaces. The geometry of the vessel and of the limiters are assigned 
pointwisr once for all. A few parameters allow the grid to be easily 
changed and tailored to the case to be considered: e.g., it has to be 
finer where high gradients are expected, such as near the limiter 
(Figs.2-3). Each point of this grid is labelled by a tag which pro
vides information about the point itself: namely, the tag specifies 
whether it is a plasma point, a wall, or a point at which boundary con
ditions must be given.The ( i, j( i) ) integration mesh (i along o,j along 
ft) around a limiter is represented in Fig. 5, together with the con
ventions adopted for the labelling. Since the perpendicular transport 
is neglected in close proximity of the limiters, the integration lines 
across the field surfaces are not defined there. Fig'. 6 shows the 
ordering of the lines in the case of a null-point configuration. For 
simplicity, limiters have been omitted in this figure. 

In NIMBUS, instead, very general geometrical configurations can be 
simulated by combining certain elementary figures through set opera
tions. The "elementary figures" are convex polygons, circles, and 
D-shaped figures (two semi-ellipses with a common axis). The combina
torial description consists in defining each physical region by means 
of a Boolean expression containing elementary figures and the three 
operators of "union", "intersection", and "complementation". Well-
formed expressions must follow a certain syntax. Fig. 7 (where elemen
tary figures are denoted by integers) shows some simple examples. To 
allow the study of symmetrical or infinite configurations,the geometry 
must be embedded in a rectangular frame: one can then define boundary 
conditions of periodicity or (optical) reflection along the edges of 
the embedding rectangle. To summarise, therefore, all elementary fig
ures needed to describe a configuration must be listed (in the case of 
Fig.l, about 800), together with their position in a reference frame; 
for each physical region a Boolean expression must be supplied. Of 
course, not only plasma regions must be defined, but also the walls 
surrounding the plasma (see Sect.4). To make geometric-data control 
easier, the program yields a map which is obtained in a way that will 
be described in Sect.4. 
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3. Plasraa cell definitions 

He will now describe how the linking routine defines the plasma 
cells for NIMBUS, using the integration grid of the finite-difference 
code. As stated in the Introduction, these cells must have as vertices 
all and only the points of the grid, in order to reproduce in NIMBUS 
the same geometric detail and allow an unambiguous exchange of results 
between the two codes. Unfortunately, there is no unique solution to 
this crucial problem and, therefore, it is important to state the 
criteria adopted to find a reasonable solution. The algorithm which 
inserts polygonal cells in the space region between two adjacent 
parallel lines (hereafter called "strip") is the heart of the data 
transformation. 

Let us consider the grid shown in Fig.5. On the left of the line 
labelled i=3, possible quadrangular cells are quite naturally defined 
by the 'parallel* and 'perpendicular' integration lines. Although 
triangular cells could in principle yield more accurate Monte Carlo 
results, we have discarded the adoption of triangles in this (relative
ly lessimportant) region of the space, as too expensive: the number of 
cells would be doubled and their statistics halved . 

On the right of line i = 3, instead, triangular cells cannot be 
avoided because the numbers of points along two adjacent parallel 
lines are no longer equal. He have tried to reduce the number of 
triangles by taking into account the two following features: 

1) skewness of the quadrangles, measured through the ratio of the 
diagonals; 

2) convexity of the quadrangles. 

Closed strips are cut along a conventional line which constitutes 
a cyclic boundary, and are numbered proceeding from the innermost 
magnetic surface towards the first wall (see Figs.1,5). The definition 
and numeration of the cells begins from the cyclic boundary. By assum
ing a certain skewness bound, a trial procedure attempts to connect 
the first four points in a strip by a quadrangle;this cell is accepted 
if its skewness does not exceed the assumed bound and the quadrangle 
it convex. Otherwise the less elongated of the two triangles is 
adopted. Once a decision has been taken, the procedure is applied 
again to the remaining points; it is, therefore, a purely local proce
dure which does not revise the decisions taken and gives the prefe
rence to quadrangular cells. In Fig. 8 some typical situations are 
shown,including the danger of introducing concave cells when the strip 
bends (for the convexity constraint see also Sect. 6.3). 

Fig. 6 schematically shows the ordering of the magnetic surfaces 
in the case of geometries with a null point. Also in this case the 
numbering of the strips proceeds from the innermost closed magnetic 
surface towards the separatrix, and goes on through the open surfaces 
up to the first wall (limiters have been omitted in this figure for 
the sake of semplicityj however,they are faithfully taken into account, 
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and the case of an interference with the separatrix has also been 
foreseen). Within each closed strip the ordering of the cells -starts 
fro* the cyclic boundary (through the null point), counterclock-wise. 
Consistently with the above-mentioned convention, in the open strips 
the numbering of the cells starts from the left divertor target. 
Finally, the 'short' open strips connecting the two divertor targets 
in the uppermost region above the X-point and above the separaitix, 
are ordered from the outermost line towards the X-point. 

The strip to which each cell belongs is recorded and transmitted 
to NIMBUS, where it is called 'channel'. The ordering described above 
allows quick identification of the plasma cells. Averages over the 
channels are a'.so performed in NIMBUS. 

The choice of the integration points is a Batter left completely 
to the finite-difference code, where requirements of stability and 
convergence must be satisfied, without any further restriction on the 
part of the neutral code. 

The geometric file generated for NIMBUS by the linking routine is 
one order of magnitude larger than the corresponding one in EDGE2D. 
This measures the increase in complexity of the NIMBUS data file. 

4. Wall representations 

The plasma configuration must be surrounded in NIMBUS by material 
regions, where the wall interactions are simulated. Moreover, these 
regions must cover all the space included between the vessel profile 
and the rectangular external frame (Sect.2) of the configuration. The 
main reason for this total covering is the following: when all the 
space within the rectangle is defined as a set of geometrical regions, 
without any gap, the code provides an important and useful check of the 
geometrical data by launching a beam of artificial, non-interacting 
particles from one of the sides of the rectangle. A map of the geometry 
is thus produced, seen as the set of all the paths through the regions 
crossed. Moreover, Monte Carlo estimations of the areas of all regions 
are obtained and compared with the given ones.Finally, during this pre-
simulation, the first information on the neighbours of every region 
is collected and forms the basis for a self-learning procedure: during 
the computation, in fact, the code learns which are the most probable 
regions that can be reached by a particle crossing any boundary (this 
probability depends obviously not only on the geometry but also on the 
physical properties of the regions). The knowledge of these probabili
t i e s speeds up the tracing of the particle histories by establishing 
a hierarchy of candidate cells to be tested. 

In the case of a magnetic geometry without null-points, the "walls" 
are automatically generated by the linking routine as set-intersections 
between the rectangular frame and arbitrarily great regions (greater 
than the rectangle itself) obtained by projecting the segments of the 
outermost magnetic surface (assumed in our computations as coincident 
with the vessel profile) from the centre of the rectangle. Since the 



8 

outermost magnetic surface is convex,this procedure cannot give rise to 
overlapping with the plasma regions. The limiters represent an except
ion to this rule; for them the following restriction holds: the region 
bounded by the limiter profile and the outermost magnetic surface must 
be convex. 

In the case of a configuration with a null point, instead, rays 
emitted from a unique projection centre could cross the outermost 
surface at more than one point, near the X-polnt (see Fig 9). Por this 
reason geometries with a null-point require supplementary data: namely, 
the coordinates of a second projection centre and those of two points 
on the outermost magnetic surface, defining the operating range of each 
projection centre. The region between the uppermost surface and the 
vessel is considered as an albedo region. 

5. Result conversions 

The computation begins in EDGB2D and the neutral code is invoked 
at preassigned target times, when reliable information is available at 
each integration point. This information includes: density, temperature, 
magnetic pitch angle, parallel velocity, perpendicular velocity. Once 
the geometry for NIMBUS has been constructed from the information on 
the integration lines of EDGE2D, the above parameters are transformed 
by the Uniting routine into averages concerning plasma cells and 
collection surfaces. For each plasma cell the following parameters are 
computed: 

a) electron density; 
b) electron and ion temperatures; 
e) Mach number; 
d) plasma flow direction cosines, referred to a Cartesian reference 

frame; 

and along each segment ("source segment") of the collection surfaces: 

t) source of neutrals due to recycling; 
f) temperature of the electrostatic sheath. 

The averaging procedure adopted for plasma cells (see discussion 
below about the invariants of the transformation) takes into account 
the number of vertices of the cell: density and temperatures are taken 
simply as the arithmetic mean of the values at the vertices. Similarly 
for the direction cosines, which are first computed at each vertex with 
respect to Cartesian axes, subsequently averaged over the cell, and 
finally normalized. The Mach number in a cell is the average of the 
ratio parallel velocity/sound velocity at the vertices. Data for a 
source segment are obtained from the vertices of the plasma cell facing 
the segment (excluding cells having just one vertex on the segment).The 
electron temperature of the plasma in this cell is assumed as the temp
erature of the electrostatic sheath. 

The neutral transport program is then run and its results - which 
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are referred to plasma cells - are reconverted by the linking routine, 
yielding for each point of EDGE2D the following data: 

a) ionisation source, per second and unit volume; 
b) energy source (or sink), per second and unit volume 

(energy transferred by neutrals to plasma ions through charge 
exchanges and ionisations); 

c) momentum source (or sink), per second and unit volume 
(parallel and perpendicular momentum transferred by neutrals 
to plasma ions); 

d) energy subtracted to plasma electrons by ionisations, excitations 
and molecular dissociations, per second and unit volume; 

e) neutrals atoms' density; 
f) neutrals molecules' density; 
g) neutrals impurities' (sputtered by walls) density; 
h) neutrals escaped to main plasma, per second and unit volume. 

The procedure for splitting the results over the cells into resvlts 
concentrated on the vertices of the cells, is another crucial point. We 
have Solomonically assumed that the Monte Carlo integrals over the cell 
(e.g. the number of ionisations, or the time spent by neutrals in the 
cell, from which the density is computed) can be equipartitioned among 
its vertices.Less crudely we can say, equivalently, that the quantities 
listed above are computed as weighted averages of the corresponding 
values in the cells surrounding the point, the weights being the cell 
volume divided by the number of its vertices. Formally, let r( be the 
total number of certain interactions per unit time in the i-th cell 
around point P, with area A-and number of vertices nt-, and pi the corre
sponding quantity referred to the unit volume.Since in NIMBUS all cells 
have the same height (infinite cylinder assumption) our criterion 
writes: 

r - L. , 
P i n; 

or, equivalently, 

z A* 
p 3 . 

ili 

The sane relations hold for time ti spent by neutrals in the i-th cell, 
and for^.» tt/A- , which is proportional to the density. 

The approximation adopted deserves some more comment.Our philosophy 
is oblivious of the statistical errors, because their estimates are 
rough when the number of histories run at each iteration step must be 
necessarily moderate. Classical interpolations are not without danger, 
because the number of regions surrounding a point is such that a high 
degree algebraic surface may be required, and then undesired oscilla
tions may appear, with possible negative interpolated values.Our crite
rion merely conserves, point by point, the energy and particle sources 
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received from NIMBUS and, therefore, has its own merits. Future nume
rical experimentation will give useful indications about this problem. 

The adequacy of the forwards (from plasma to neutrals) and back
wards (from neutrals to plasma) conversions described above obviously 
relies on an appropriate choice of the integration mesh together with a 
reasonable connection of each point with its neighbours during the 
operation of cell definition discussed in Sect.3. 

6. Modifications in NIMBOS 

The following main modifications have been introduced in the standard 
version of NIMBUS: 

1) The initial energy of a neutral history should be the one originated 
from an ion which hits a collection surface and re-emerges from the 
wall as a. atom or a molecule, through recombination and interactions 
with tht atoms of the wall. In the original model the energy of the 
parent ion was chosen as follows. First, the position of the ion was 
selected according to the assigned flux along the surfaces. This po
sition determined the ion temperature, T,and the Maxwellian close to 
the neutralizer surface. Then an isotropic direction and an energy 
selected from the Maxwell ian gave a velocity vector which was added 
to the velocity vector of the plasma flow at that point. The energy 
corresponding to the resultant velocity vector was finally added to 
the energy acquired by the ion crossing the electrostatic sheath. 
This model has been modified by omitting the vector composition of 
Maxwellian velocity and flow velocity, in order to conserve the 
energy of the ions hitting the collection surfaces in the two coupled 
codes. In fact, if electrons and ions have the same temperature, the 
average energy of an incoming proton is now: 

2 
<E> = gkT + lmv + 3kT, 

2 2 

where v denotes the drift velocity and g the energy gain due to the 
sheath. Since protons are thought tc acquire the sound velocity 
yikt/u near the collection surfaces, then by taking g = 3.5, one has: 

<E> * 6kT, 

as in the plasma code (not.» that the value of the coefficient g is 
uncertain and, by keeping <E> constant .one could enhance, for 
example, the random component of the initial energy and change g 
consistently: a typical tuning operation). 

2) The plasma flow velocity was assumed in |3| to have a uniform direc
tion all over the domain considered, and only the Mach number In 
each region was assigned in input. Since the simulation now involves 
the whole poloidal section of JET (Fig.l), the above assumption is 
no longer valid. Therefore direction cosines must now be assigned 
in each plasma region. The computation of all cross sections at each 
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collision point has been modified accordingly (see Ref.5). 

3) The geometry routine» in. NIMBUS «equixe thafall regions be convex. 
This, basic* assumption represented a serious obstacle for a faithful 
description of the belt limi ter : as shown in Figs. 2 and 3, there 
are linear segments along the limiter profile whose digital repre
sentation can give rise to concave surfaces when seen from the side 
of an arriving neutral (and this cannot be avoided on a computer, 
owing to its finite precision). This difficulty has been removed by 
introducing a degree of tolerance for small concavities and the 
measure of acceptable concavity has been tuned through numerical 
experiments in order to allow description of the JET limiters. The 
price paid is that some (about 0.1%) particle histories must be 
interrupted and discarded during the simulation, when the routines 
are unable to carry on the tracing of their trajectories. 

» 

4) The source of the neutrals had to be assigned along "source segments" 
inside the plasma regions facing the collection surfaces. Since this 
requirement was difficult to satisfy in a fully automatic coupling, 
where the data are those and only those of the plasma code, it lias 
been removed. Source segments can now lie along trie collection sur
faces. 

5) Energy and particle global balances have been introduced in order to 
control the correctness and consistency of the two models and judge 
the convergence of the iterations. They include: 

a) the power of ions incident on collection surfaces; 
b) the power deposited by ions upon these surfaces; 
c) the power of initial emerging neutrals; 
d) the power load on all walls due to the neutrals; 
e) the power transferred by neutrals to plasma ions through 

charge-exchanges and ionizations; 
f) the power subtracted to plasma electrons by ionizations, 

excitations and molecular dissociations; 
g) power escaped from the system; 
h) global neutral-ion interactions. 

7. Conclusions 

The Monte Carlo neutral transport code NIMBUS has been transformed 
into a subroutine of the plasma code EDGE2D, through a linking routine 
which receives all the information about geometry and physics needed by 
the plasma code and translates it into the (different) topology of 
NIHBUS, completed with the generation of the regions representing the 
first wall and the limiters. A standard NIMBUS data-file is created, 
allowing possible executions of the standing alone neutral code, when 
further detailed analysis of the neutral behaviour is required. The 
linking routine then calls for execution of the neutrals simulation 
and performs the backwards transformation of the results (mainly, 
spatial distributions of ionisation source and of energy and momenta 
transferred to plasma) to be supplied to EDGE2D. This process is 
iterated until a convergence is attained according to the criterion 
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adopted in the plasma code. Geometries allowed are all geometries 
accepted by EDGE2D, and include, moreover, magnetic configurations with 
a single-null point. 

The new self-consistent code thus obtained for the transport in the 
edge regions of tokamaks, has been used to investigate the new geometry 
of JET, with two belt-limiters. Results obtained will be reported 
elsewhere. It may be anticipated that they have shown high sensitivi
ty of the model to the geometric detail of the limiters. 

The number of histories run at each execution of NIMBUS was only 
2000 (requiring about 2' of CRAY). Notwithstanding this low figure 
(when compared with the high number of regions considered, which was 
around 800), in the first computations performed the plasma code seemed 
to have the intrinsic capability of smoothing the unavoidable statisti
cal noise inherent in the numerical method of the neutral code. How
ever this matter requires further closer analysis. Me can point out, 
for example, that only extensive use of the new code will show whether 
it is preferable to assign energy sources to EDGE2D as estimated direc
tly by NIMBUS, or rather to compute them indirectly: in fact the Monte 
Carlo estimates of these quantities are intrinsically poor, since 
charge-exchanges build up these random variables through positive and 
negative contributions, i.e. with large statistical fluctuations. This 
problem is exasperated in JET, where the first wall and limiters are 
carbon: recycled neutrals here come out of the walls at low energies 
and the contribution to the energy source originated from ionisations 
(which have a constant sign) is smaller than the contribution due to 
charge-exchanges. 

The severe performances demanded of the two coupled codes stress 
the two numerical methods up to their limits: on one side, problems of 
stability and convergence, on the other one, complexity of the geometri
cal and physical models, plus statistical fluctuations. In addition,we 
have pointed out, throughout this paper, choices in the linking routine 
open to criticism and approximations that can be refined later. Checks 
of the results obtained, tuning and validation of the integrated system 
will start as soon as JET is operating in the new configuration. 
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Pig. 4 - Magnetic geometry with a single-null point (open field 
l ines above the null point are not shown). 
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Fig.5-Topology of the mesh (i,j(i)) around a limiter and point tags 
(0»plasma; l>escape boundary; 3*vessel surface; 4,5«point 
of a surface with plasma above, below, respectively). 
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r ig . 6 - a) Geometry with closed and open l ines ; 
b) 3-d topology of the mesh ( i , j ( i ) ) . 
EDGE2D constructs b) from a ) ; the linking routine 
reconstructs a) from b) and the point tags. 
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Pig. 6 - c) Labelling of the mesh with closed and open lines. 



22 

Exa»|,CeX ((((*n3')(H')ns'){H') 

3 

Fig. 7 - Combinatorial description of the shaded regions. 
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Fig. 8 - Insertion of cells between two parallel field lines 
(note the concave cell above). 
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Fig. 9 - Construction of the material regions within the 
rectangular frame. 
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