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Abstract

We describe a 2-D model for edge plasmas with localized limiter surfaces penetrating the scrape-o� layer. The model

is used to simulate an idealized ITER startup con®guration with variations in the limiter penetration depth and surface

shape. The results show that the distribution of the total heat load between divertor plates and outer midplane limiter

surfaces can be controlled by the penetration depth of the limiter. The limiter surface can be shaped to reduce the peak

heat ¯ux without signi®cantly changing the total heat loads. The tentative conclusion is that ITER startup on an outer

midplane limiter is reasonable because the total and peak heat loads can be controlled by the limiter positioning and

shape. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the startup phase of a tokamak the plasma

con®guration may evolve from a limiter to a divertor

con®guration. Some of the particle and heat ¯ux from

the core will be deposited on material surfaces near the

separatrix instead of the divertor plates. Examples of

such surfaces include the center-post in most tokamaks,

ba�es near the X-point that create closed divertors, and

outboard limiter surfaces. Two-dimensional edge plas-

ma models for tokamak divertor con®gurations typically

give detailed information about the particle and heat

¯uxes on the divertor plates, but yield little or no in-

formation about ¯uxes on these other localized surfaces

near the core plasma. To realistically model the startup

phase of a tokamak it is necessary to compute the

plasma interaction with both limiter and divertor sur-

faces. The UEDGE code [1] has been modi®ed to in-

clude these limiter surfaces. In this report we present

simulation results for an idealized ITER [2] startup

con®guration with variations in the limiter penetration

depth and surface shape.

2. Model

The UEDGE code is a fully implicit 2-D edge plasma

transport code. It solves the classical Braginskii trans-

port equations [3] for plasma density, parallel momen-

tum and thermal ion and electron energy transport

along the magnetic ®eld, and assumes anomalous dif-

fusive transport across the ®eld. For the simulations in

this report the anomalous particle di�usivity, D?, is 0.33

m2/sec and the thermal di�usivities, v?, are 0.5 m2/s for

both ions and electrons. The code used a reduced Na-

vier±Stokes model [4,5] for atomic neutrals with a single

momentum equation for transport along ®eld lines.

2.1. Mesh con®guration

The 2-D simulation includes the scrape-o�-layer re-

gion outside the separatrix and a narrow region of the
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core plasma just inside the separatrix. One set of mesh

surfaces coincides with magnetic ¯ux surfaces; the sec-

ond set of mesh surfaces is nearly orthogonal to the

magnetic ¯ux surfaces, except in the vicinity of the di-

vertor plates and limiter where the mesh is distorted to

conform to the shape of the recycling surface. Along

each magnetic ¯ux surface there are 112 cells and radi-

ally across magnetic ¯ux surfaces there are 16 cells. The

mesh is nonuniform in both poloidal and radial direc-

tions. Near the limiter and divertor surfaces where the

neutral mean free path for ionization and charge ex-

change is about 5 cm, the poloidal cell size is smaller

(less than 1 cm) in order to resolve the strong plasma

and neutral ¯uid gradients associated with strong recy-

cling. Radially, the cell size is smallest (about 0.2 cm)

near the separatrix where the abrupt change in parallel

losses from closed to open magnetic ®eld lines causes

strong radial gradients. Since these gradients are

stronger than those associated with the limiter, the ra-

dial mesh is not varied with the limiter±separatrix dis-

tance. The divertor plates in these simulations are

orthogonal to magnetic ¯ux surfaces. We use an ideali-

zed toroidally symmetric wedge-shaped limiter as shown

in Figs. 1 and 2. The wedge angle and the penetration of

the limiter tip relative to the separatrix are variable.

When the wedge angle is zero, the limiter is a toroidally

symmetric in®nitely-thin plate (a horizontal line when

viewed in the poloidal plane) inserted edge-wise into the

plasma. While this wedge-shaped limiter is not realistic,

the SOL plasma parameters (density and temperatures

at the LCFS and radial decay lengths) are relatively

insensitive to the wedge angle.

2.2. Boundary conditions

We assume standard recycling boundary conditions

at the plasma-limiter interface, i.e., the neutral atom ¯ux

is Cneutral�ÿRp á Cion where Cion is the incident ion ¯ux

and Rp is the particle recycling coe�cient; the ion par-

allel ¯ow velocity at the surface is sonic; and the ion

energy ¯ux is Qion� dion á Tion á Cion where dion is the

sheath energy transmission coe�cient for ions. A similar

condition is used for electrons. In general, these boun-

dary conditions would change with the limiter shape if

the self-consistent plasma potential and associated drifts

were included in the simulation [6]. During plasma

startup, a clean unsaturated limiter surface will initially

absorb particles, so the particle recycling coe�cient

should be less than unity. The simulations in this report

use a limiter particle recycling coe�cient of 0.8 and ion

(electron) energy transmission coe�cients are 3.5 (5.0).

The expected limiter recycling in ITER is unknown, so

one should regard these as parameters to be varied in

future simulations. The limiter surface could be satu-

rated later in the startup phase, but we have not at-

tempted to model such time dependent behaviour in this

report. At the divertor plates we assume 100 percent

recycling, a sonic ¯ow condition for ions and sheath

energy transmission coe�cients 3.5 (5.0) for ions (elec-

trons). This is appropriate for saturated divertor plates

as expected in ITER. At the innermost core boundary,

1.4 cm inside the separatrix, the ion density
Fig. 1. Global view of the simulation region and limiter inser-

tion point.

Fig. 2. Detailed view of the mesh and limiter con®guration at

the outboard midplane.
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ncore� 5 ´ 1019 mÿ3 is ®xed. The total radial power ¯ow

across the core boundary is Pcore� 150 MW for model-

ing the ITER startup, equally divided between electrons

and ions. The neutral particle ¯ux across the core

boundary is set to zero. At the outermost ¯ux surface

and innermost private ¯ux surface we impose zero ¯ux

boundary conditions for both particles and energy.

3. Results

The results presented here are steady state plasma

simulations. The mesh is based on the ITER equilibrium

magnetic con®guration in which the ¯ux surfaces out-

side the separatrix all terminate at the divertor plates. To

simulate a startup con®guration, we introduce a shaped

limiter surface near the outboard midplane that inter-

sects the ¯ux surfaces and absorbs heat and particles

that would have gone to the divertor plates. We vary the

limiter surface shape so as to approach a `conformal'

shape that is nearly tangent to ¯ux surfaces in the po-

loidal plane, as in the ITER reference design.

The ®rst set of simulations examines the redistribu-

tion of the power between divertor and limiter surfaces

as a thin limiter plate is inserted at the outboard mid-

plane. The results in Fig. 3 show that when the limiter

tip is about 1 cm outside the separatrix ¯ux surface the

power is split equally between the limiter and divertor

plates. This agrees with the simple estimate that the

limiter power should be equal to the divertor plate

power that would have been deposited beyond the 1 cm

¯ux surface in the `no limiter' case. If the limiter is in-

serted 0.5 cm beyond the separatrix, then essentially all

of the power is deposited on the limiter.

Besides the power redistribution the limiter produces

signi®cant changes in the density pro®le of the SOL. In

the absence of the limiter, there is no net particle re-

moval and the SOL density is nearly uniform in the

radial and poloidal directions except near the divertor

plates. For these simulations the limiter particle recy-

cling coe�cient Rp� 0.8, so a large ion particle ¯ux onto

the limiter (as the tip approaches the separatrix) leads to

a large net particle removal rate by the limiter. For ex-

ample, with the limiter tip at the separatrix ¯ux surface

the total ion current to the limiter is 150 kA and the total

particle removal rate is 30 kA. In our simulations these

particles are supplied by a net current across the inner-

most core boundary. This current increases as the limiter

tip approaches the separatrix because the exposed

pumping surface and incident ion ¯ux both increase.

The radial ion particle ¯ux from the core is the product

of the anomalous particle di�usivity, D?, and the radial

gradient in the SOL density due to limiter pumping.

Fig. 4 shows the steepening of the radial density pro®le

in the SOL as the limiter is inserted to the separatrix.

A second set of simulations examines the e�ect of

limiter shape on the heat ¯ux pro®les at the limiter

surface. The results in Fig. 5 show the heat ¯ux pro®les

for several wedge shapes with the limiter tip exactly at

the separatrix. The total energy and particles deposited

on the limiter are not signi®cantly a�ected by the limiter

surface shape. When the limiter surface is normal to ¯ux

Fig. 3. Variation of the total heat load on limiter and divertor

surfaces as a function of the radial distance between the limiter

tip and the separatrix ¯ux surface. The limiter wedge angle is

zero.

Fig. 4. Radial pro®le of the plasma density for varying limiter

penetration. The pro®le is at a poloidal position half-way be-

tween the outboard midplane and the X-point.

1182 M.E. Rensink, T.D. Rognlien / Journal of Nuclear Materials 266±269 (1999) 1180±1184



surfaces, the maximum heat ¯ux on the limiter is about

90 MW/m2. As expected, the maximum heat ¯ux de-

creases to less than 30 MW/m2 as the surface is tilted to

be more nearly parallel to magnetic ¯ux surfaces. The

decrease in heat ¯ux with increasing wedge angle is

primarily due to the increase in the wetted area of the

limiter. The integrated heat ¯ux to the limiter is constant

to within 5 percent as the wedge angle increases from 0°
to 130°. Simulations with larger wedge angles present

numerical di�culties because the mesh becomes very

distorted near the limiter surface. In the limit where the

wedge angle is 180° the limiter surface would represent a

¯at plate tangent to the magnetic ¯ux surface, and we

expect the heat ¯ux at the tangent point to be very small;

the heat ¯ux would probably be a maximum at some

point on the limiter that is further out in the SOL.

Changes also occur in the ion density pro®le along

¯ux surfaces in the vicinity of the limiter. Recycling near

the limiter tip produces a localized ionization source and

a peak in the plasma density pro®le as shown in Fig. 6.

The limiter tip is at the separatrix, so the ion density

peak occurs inside the separatrix and radial di�usion

produces a localized in¯ux of ions into the core region.

However, the integrated particle ¯ux across the core

boundary is radially outward due to the net pumping by

the limiter surface. Our model assumes that neutral at-

oms from recycling at the limiter tip are re¯ected at the

innermost core ¯ux surface. The distribution of neutrals

in the core will not be signi®cantly a�ected by this

boundary condition if the neutral mean free path is

shorter than the distance from the limiter tip to the core

¯ux surface. However, with the limiter tip at the sep-

aratix as in Fig. 6, the neutral mean free path does ex-

tend beyond the innermost core ¯ux surface and may

produce a ¯ux of high energy charge exchange neutrals

on the outer wall. We are not able to estimate this ¯ux

within the limits of our present model. For ¯ux surfaces

which intersect the limiter, the density decreases along

®eld lines approaching the limiter surface, although this

is not apparent in Fig. 6. On these ¯ux surfaces the

ionization source is relatively weak because the low re-

cycling at the limiter surface produces a relatively low

neutral density in front of the limiter. As the ion ¯ow

accelerates to the sonic speed at the sheath near the

limiter, the plasma density decreases to maintain parallel

pressure balance. With the limiter tip at the separatrix,

the peak plasma temperature at the limiter surface is 170

Fig. 6. Plasma density contours in the vicinity of the limiter.

The limiter tip is at the separatrix ¯ux surface and the limiter

wedge angle is 90°.

Fig. 5. Heat ¯ux pro®le on the upper surface of the limiter as a

function of radial distance from the separatrix for various

wedge angles. The limiter tip is at the separatrix ¯ux surface.
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eV and the total ion particle ¯ux on the limiter is about

150 kA, so impurity generation due to sputtering from

the limiter could be a problem. The peak temperature

could be reduced by starting up at lower power (less

than 150 MW).

4. Summary

We have developed a capability for 2-D modeling of

edge plasmas with localized limiter surfaces penetrating

the SOL. The total power deposited on limiter and di-

vertor surfaces is strongly dependent on the maximum

penetration of the limiter, but is only weakly a�ected by

changes in limiter shape. The peak heat ¯ux on the

limiter is reduced by tilting the limiter surface relative to

the magnetic ¯ux surfaces, but the total heat load on the

limiter is nearly independent of the tilt for ®xed limiter

tip penetration. These results imply that ITER startup

on an outer midplane limiter is reasonable because the

total and peak heat loads can be controlled by the lim-

iter positioning and shape. Particle pumping by the

limiter induces strong radial gradients in the SOL plas-

ma density and large ion currents from the core to the

SOL. The limiter in these simulations was inserted at the

outer midplane where most of the power enters the SOL

from the core plasma; the relative distribution of this

total power between limiter and divertor surfaces may

be di�erent if the limiter is inserted at the top or near the

X-point because the magnetic connection lengths will be

di�erent.
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