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Abstract

Particle and energy transport are modelled in TdeV using the multispecies ®nite element simulation code TOPO. For

every charged species, equations are solved for the conservation of particles, parallel momentum, and energy. For

neutral species, equations are solved for the conservation of particles and energy. For simplicity, all neutral ¯uxes are

assumed to be di�usive. The transport equations are discretised with ®nite elements on a triangular unstructured mesh.

This allows a realistic description of the TdeV divertor geometry, with segmented divertor plates arbitrarily oriented

with respect to the local ¯ux surfaces. The use of an unstructured mesh also allows local mesh re®nement in the vicinity

of the X point, and at selected locations near the divertor plates. Comparisons between simulated and experimentally

measured density pro®les are presented. Detailed comparisons between calculated and measured Da speci®c intensities

are also presented. Finally, an assessment is made of the single ion temperature approximation commonly made in

other edge transport models. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Computer modelling of tokamak plasmas is a pow-

erful tool for interpreting experiments and is necessary

for extrapolating present knowledge. The main chal-

lenge in developing a useful model is to consistently

account for a large number of coupled physical pro-

cesses in a calculation, while rendering quantitative re-

sults under realistic experimental conditions. A number

of approaches are being used for that purpose, as de-

scribed in Refs. [1±5]. The principal di�erence between

our approach and the others cited is in the use of a ®nite

element discretisation of the transport equations, on an

unstructured triangular mesh. The latter provides a

signi®cant advantage in setting up a realistic represen-

tation of an experiment.

In the following, the multi-¯uid ®nite element code

TOPO is used to simulate the edge and divertor plasmas

for a variety of TdeV operating conditions. In particu-

lar, the plasma density pro®le is calculated in the edge in

the equatorial plane, and compared with probe mea-

surements. Two dimensional emissivity pro®les are also

calculated for Da radiation. Their integration along

speci®ed lines of sight are compared directly with ex-

perimental measurements. The code is also used to cal-

culate the ion temperature under a variety of recycling

conditions. Ion temperatures are not readily measured

experimentally, and a comparison with experiment is

unfortunately not possible. A calculation of Ti is none-

theless of interest, because of the importance of thermal

forces in impurity transport [6,7]. Most other transport

models assume instantaneous equilibration among all

ions species into a single ion temperature. In the present

model, an energy conservation equation is solved for

every ion species and, thus, each species has a distinctive

temperature. This makes it possible to assess the validity

of the single ion temperature hypothesis.
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2. Model description

The physical and mathematical models used in the

simulations have been described elsewhere [5]. They are

brie¯y outlined here for completeness. Plasma and

neutral transport are treated in the ¯uid approximation.

The dynamics of every charged species is governed by

three conservation equations; one for particles, one for

parallel momentum and one for energy. All ¯uxes in the

direction parallel to the magnetic ®eld lines are assumed

to be classical [8], while di�usion in the direction per-

pendicular to the magnetic ®eld is assumed to be

anomalous, with adjustable transport coe�cients. The

transport of neutral particles is treated in the di�usion

approximation. More speci®cally, for every neutral

species, only two conservation equations are solved, for

particle mass and energy. Particle and energy ¯uxes are

assumed to be proportional to local density and tem-

perature gradients respectively. For simplicity, only

atomic species are taken into account. The neglect of

molecular species should be acceptable whenever the

molecules released near the divertor plate, are dissoci-

ated and ionized very near to where they are produced.

Finally, E B and diamagnetic drifts are not included in

any of the transport equations. This is justi®ed by earlier

studies which indicated that they do not have a strong

in¯uence on most pro®les [5]. All atomic rates used in

the simulations are obtained from a collisional radiative

model [9].

A complete de®nition of the problem also requires a

set of boundary conditions. We distinguish between

three types of boundaries: (1) divertor plates, (2) the

boundary between the central plasma and the edge and

(3) the outermost ¯ux surfaces in the private region and

in the edge. Standard sheath conditions are applied at

the divertor plates [5]. At the boundary between the edge

and the central plasma, we use essential conditions for

the electron and ion temperatures; i.e., Te and Ti are

®xed. The density of deuterium ions and, for carbon

impurities, the density of the highest ionisation stage

considered (CV in all simulations) are also ®xed. In all

the cases considered, we use nCV� 0.01 nDII on that

boundary. This is to account for highly ionised carbon

species which di�use from the high temperature core to

the edge. Low ionisation stage carbon is also produced

directly at the divertor by physical and chemical sput-

tering. For simplicity, a ®xed 2% total sputtering yield is

assumed for incident deuterium.

3. Simulation results

Results are now presented for two TdeV geometries.

The ®rst, referred to as TdeV95, corresponds to the

machine as it was until 1995. The second, TdeV96,

corresponds to the present divertor in TdeV. The inte-

rest in TdeV95 comes from the availability of more

complete measurements of the Da radiation pro®le. That

geometry indeed allowed a tangential view of the outer

divertor region which served to record full 2D distri-

butions of the Da speci®c intensity. The two geometries

are illustrated in Figs. 1 and 2. In both cases, results are

presented for a set of three densities (n0) and tempera-

Fig. 1. Illustration of the TdeV95 geometry.

Fig. 2. Illustration of the TdeV96 geometry.
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tures (Te0�Ti0�T0) at the boundary with the central

region, corresponding to a power coming from the

centre of approximately P0 � 90 kW for TdeV95 and

P0 � 80 kW for TdeV96. The numerical values of the

boundary conditions, the anomalous transport coe�-

cients used in the simulations and the corresponding

powers coming from the central plasma are summarised

in Table 1. With the boundary between the edge and the

central plasma being approximately 1cm inside the

separatrix in the outer equatorial plane, n0 is approxi-

mately 0.8 times the line average density measured along

a vertical line of sight passing through the magnetic axis.

4. TdeV95 ± Da line radiation pro®le

For each of the three boundary conditions listed in

Table 1, the Da emissivity is calculated and the corre-

sponding speci®c intensity is integrated over an array of

lines of sight which corresponds to the camera's viewing

con®guration used to register the Da radiation in the

outer divertor. A direct comparison with unprocessed

experimental measurements can thus be made. Because

of the uncertainty in matching the imposed density at

the boundary, n0, with the experimentally measured line

average density, a precise quantitative comparison is

di�cult. Some general dependencies on density can,

nonetheless be determined. As an illustration, Fig. 3

shows the Da emissivity pro®le calculated for the inter-

mediate density (n0� 2 ´ 1019 mÿ3). The corresponding

calculated speci®c intensity pro®le, as would be seen

from the camera is shown in Fig. 4. For comparison,

Fig. 5 shows a measured speci®c intensity pro®le cor-

responding to a low density (�ne� 2.3 ´ 1019 mÿ3). In

both cases, the general shape of the radiation pro®le is

similar. For these low densities, the plasma is attached

to the upper divertor plate, and the maximum radiation

is found at the plate. Moreover, the numerical values of

the speci®c intensities are comparable. A more detailed

comparison between the calculated and measured Da

radiation pro®les is presented in Fig. 6. There, the

maximum speci®c intensities in a horizontal plane, are

plotted as a function of the Z coordinate of that plane.

At low density, the maximum intensity is found near the

divertor plate. Also, in both cases, the region of maxi-

mum radiation moves away from the plate as density

increases.

5. TdeV96 ± Density and ion temperature pro®les

Simulations have been made for three densities in

TdeV96 geometry, corresponding to a power from the

Table 1

Summary of the parameters used in the simulations

Parameter scan TdeV95 TdeV96

n0 (1019 mÿ3) 1 2 4 1 2 4

T0 (eV) 100 60 31 150 100 60

Transport coe�cients Di? (m2/s) 0.4 "i Particle di�usivity

ve?/ne (m2/s) 1.2 Normalised electron thermal di�usivity

vi?/ni (m2/s) 1.2 "i Normalised ion thermal di�usivity

Fig. 3. Calculated Da emissivity for n0� 2 ´ 1019 mÿ3.

Fig. 4. Speci®c Da intensity calculated for the camera viewing

con®guration, with n0� 2 ´ 1019 mÿ3.
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centre, towards the edge, of approximately 180 kW.

Here also, the correspondence between the boundary

condition n0 and the measured line average density �ne is

uncertain and a quantitative comparison is therefore not

attempted. As an example, the density pro®le calculated

in the midplane with n0� 2 ´ 1019 mÿ3 is compared in

Fig. 7, with the measured density pro®le, for a line av-

erage density of �ne � 2.6 ´ 1019 mÿ3. As for the TdeV95

geometry, the good agreement found here suggests that
�ne � 1.3 ´ n0.

We now turn to the assessment of the validity of the

single ion temperature approximation, frequently made

in modelling impurity transport. First, a low density

plasma is considered in Fig. 8, corresponding to

n0� 1 ´ 1019 mÿ3. In this ®gure, ion temperatures are

plotted for every ion species considered in the simula-

tion, along a horizontal path across the outer divertor,

0.35 m above the midplane (dashed line in Fig. 2). These

pro®les show signi®cant di�erences between the tem-

peratures of the various ion species. As expected, the

lower ionisation stages of carbon have a lower temper-

ature. This is due, in part, to the stronger coupling of

low ionisation stages with (cold) neutrals produced by

sputtering. It is also related to the stronger (Z2) cou-

pling of higher ionisation stages with deuterium ions.

Except for DII and CV which are nearly at the same

temperature where the plasma density is signi®cant, it

appears that a single ion temperature approximation

would not be adequate in this case. Similar results are

presented in Fig. 9 for a higher density (n0� 4 ´ 1019

mÿ3). Here again, the carbon ion temperatures are

found to increase with the ion charge. In this case,

Fig. 5. Measured speci®c intensity for n0� 2.33 ´ 1019 mÿ3.

Fig. 6. Comparison between the measured (full) and calculated

(open) Da speci®c intensity in the outer divertor. In each case,

the maximum intensity found in a horizontal plane is plotted as

a function of the plane Z coordinate.

Fig. 7. Comparison between the calculated (solid) and mea-

sured (dashed) density pro®les in the outer midplane. The

vertical dotted line indicates the position of the separatrix.

Fig. 8. Ion temperature pro®les in the outer divertor along a

horizontal path, 35 cm above the midplane calculated with

n0� 2 ´ 1019 mÿ3, T0� 150 eV. 1� 0 corresponds to the posi-

tion of the separatrix.
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however, the single ion approximation may be adequate

for the combined DII, CV and CIV ions. The proximity

of the temperatures here is a consequence of the lower

temperatures, and of the higher density, which both

result in an increased ion-ion collision frequency. The

single ion temperature approximation breaks down,

however, for doubly and singly ionised carbon. These

di�erences in ion temperature are consistent with an

earlier Monte Carlo simulation results from Shimizu, et

al. [10].

6. Summary and conclusion

Simulations have been made of plasma and impurity

transport in two divertor geometries of TdeV. A par-

ticular attention has been given to the calculation of Da

emissivity and speci®c intensity pro®les, for which de-

tailed experimental measurements are available. A pre-

cise quantitative comparison between simulation results

and experiment is di�cult, mainly because of the un-

certainty in relating boundary conditions used in the

model, with line average densities determined in the

experiment. The model is nonetheless able to reproduce

intensity pro®les which are quantitatively close to mea-

sured values. The general changes in the intensity pro-

®les as the plasma density is increased, are also

reproduced.

Individual ion temperatures in a deuterium plasma

with sputtered carbon impurities have been calculated,

for representative TdeV operating conditions. Contrary

to the common assumption that all ion species are nearly

at the same temperature, di�erent ionisation stages of

carbon are found to have signi®cantly di�erent temper-

atures. Because of their higher (Z2) collisionality, the

higher ionisation stages generally have a temperature

which is closer to the dominant DII ions. Because of

recycling, however, and because of the coupling between

low ionisation stage ions with neutrals, the temperatures

calculated for these ions are considerably less than that

of DII. These di�erences raise a serious question con-

cerning the very nature of the energy distribution of ions

in the divertor region, which may be non Maxwellian.

The study of the exact form of the distribution function

and its e�ect on transport is beyond the scope of the

present approach. Su�ce it to say that any transport

process in which ion temperature pro®les are involved

should be examined with caution.
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Fig. 9. Ion temperature pro®les in the outer divertor, along a
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