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Modeling Impurities and Tilted Plates in the ITER 

Divert or 

M.E. Rensink and T.D. Rognlien 

Lawrence Livermore National Laboratory 

Livermore, CA 94551 

The UEDGE 2-D edge transport code is used to model the effect of impurities and tilted 

divertor plates for the ITER SOL/divertor region. The impurities are modeled as individual 

charge states using either the FMOMBAL 21-moment description or parallel force balance. 

Both helium and neon impurities are used together with a majority hydrogenic species. A 

fluid description of the neutrals is used that includes parallel'inertia and neutral-neutral 

collisions. Effects of geometry are analyzed by using the nonorthogonal mesh capability of 

UEDGE to obtain solutions with the divertor plate tilted at various angles. 
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I. Introduction 

The ITER divertor concept has evolved some over the last couple of ~ e a r s , l - ~  but main- 

tains a strong reliance on injection of moderate2 impurities to.radiate a siggficant portion 

of the energy crossing themagnetic separatrix before it strikes the divertor plate. The heat 

flux which does strike the plate is further reduced by tilting the plate. Thus, it is important 

to include and understand the effects of both of these elements for the divertor design. 

To do this study, we use the UEDGE code which is a fully implicit, 2-D edge/SOL trans- 

port code developed over the last five It solves the classical Braginskii4 transport 

equations for plasma transport along the magnetic field, B, and assumes anomalous diffu- 

sive transport across B. The neutral gas that recycles from.the divertor plate is modeled 

by fluid equations where inertia is retained in the parallel glirection along B." In compar- 

isons with a more complete Navier-Stokes neutral gas model in a slab version of UEDGE,1° 

. .  



J 

3 

this reduced Navier-Stokes model has been shown to accurately represent the ion-neutral 

momentum exchange and the collisionally enhanced momentum and energy transport in- 

cluding neutral-neutral collisions. The nonorthogonal mesh algorithm in UEDGE makes 

use of a general 9-point difference stencil which preserves the magnetic flux surfaces as 

one coordinate to resolve the highly anisotropic transport along and across B.8 The parallel 

transport of the multi-charge state impurities is described by force-balance equations' using 

the trace-level coefficients presented e a ~ l i e r ' ~ J ~  or by the FMOMBAL package.14 Atomic 

data for hydrogen rates of excitation, ionization, and recombination by electrons is taken 

from the work of Stotler," and the impurity rates are from STR,4HL1' via a B2.5 package 

by Braams.17 

11. Geometry and Equations 

, We use the MHD equilibrium provided by A. Kukushkin of the Joint Central Team in . .  
, .  

1994 as the standard ITER case for divertor benchmarking. The full single-null flux surfaces 

for the edge/SOL region and the associated orthogonal mesh are shown in Fig. 1. With 

the poloidal magnetic flux? p1,  normalized to unity 02 the separatrix, we generalry include 

the region out to 9 = 1.04, and place the core and private fiux boundaries at + = 0.992 

as shown. Some of the calculations are done considering only the outer half of the SOL as 

shown by dotted knes in Fig. 1. A nonorthogonal mesh is used for cases where the divertor 

. 
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plate is tilted; such tilting significantly affects only the region close to the plate because of 

the long divertor leg. In Fig. 2, we show the outer divertor plate - .  region of a nonorthogonal 

mesh with tilt angle Ot = 45' between the normal to the flux s!irface and the plate. 

The mesh that we typically use to do most calculations is 72 poloidal points for a full 

mesh (36 for the outer-half calculations) and 16 radial mesh points. We have checked the 

sensitivity of some of the results by doubling the poloidal or radial number; we have not 

found any cases that are sensitive to an increased number of points. We also use a closely 

spaced poloidal mesh near the divertor plates with a minimum cell size of 0.05 crn for the 

standard mesh; such small cell sizes are needed to resolve the ionization layer of the gas at 

the plates. - .  

. .* 

As mentioned in the Introduction, we use fluid equations to describe both the plasma 
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and the neutrals. The plasma and neutral densities are typically quite large (- 1021 m-3) 

near the plate such that the mean free path is short enough to justify a fluid treatment. To 

avoid filling the main part of the report with too much detail, we defer the full description 

of the equations to the Appendix. 

111.' Results of ITER Simulations 

A. Parameters and Coefficients Used 

We consider two cases for the anomalous diffusion coefficients, one having D = 0.33 m2/s 

and xe,; = 0.5 m2/s and the second has twice these values. The core density for the hydrogen 

is in the range 3 - 5 x lo f9  m-3. We use flux-limits on the ion and electron heat fluxes that 

correspond to 0.15 times the thermal flux, nutT, where ut = (2T/m)l/2.1s.The recycling 

at the divertor plate is taken to be unity for hydrogen and for impurities. For most of the 

runs, there is no pumping on the side walls of gas or plasma, although we will show the 

effect of pumping gas on the private flux boundary. The density of impurities, helium and 

neon, are controlled by fixing the level on the core boundary of He2+ or Nes+. The power 

crossing the core boundary is 75 MW in ea& of the electron and ion channels for the full 

single-null (total of 150 MW) and 50 MW in each channel for the outer SOL only (total of 

100 MW). The outer SOL plasma parameters for these two cases are similar, as we shall 

show that there is roughly twice as much power flowing to the outer as the inner plate. 

B. Comparison of Full Two-plate and Outer-half-space Simulations 

Divertor plate plasma parameters from full two-plate simulations for two different sets 

of diffusion coefficients are given in tables I and 11. The 0utboard:inboard power split is 

about 2:l in both cases. This observation is the basis for setting the power into the SOL at 

100 MW in the outer-half-space simulations. Results from an outer-half-space simulation 

with weak radial diffusion (as in table I) are given in table 111. A comparison of the plasma 

parameters in tables I and I11 indicates that the outer-half-space simulation significantly 

overestimates the peak electron temperature at the outer . ,  divertor plate, but other plasma 

parameters are in good agreement with the full two-plate simulations. Orthogonal divertor 
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plates were used for these simulations. 

C .  Effect of Tilting the Divertor Plate 

Divertor plasma parameters are strongIy affected by the orientation of the divertor plate 

as shown in Figures 3 , 4  and 5 .  As the plate is tilted away from the orthogonal position, 

Figure 3 shows that the plasma temperature near the outer wall increases due to  reduced 

local recycling. Neutrals that originate near the outer wall are directed across flux surfaces 

toward the separatrix where they are ionized, causing an increase in the ion density near 

the separatrix strike point as shown in Figure 4. The peak heat flux at  the divertor plate 

decreases with increasing tilt angle because the total heat flux is spread out over a larger 

area. However, as shown in Figure 5 for tilt angles larger than about 45' the decrease in 

peak heat fliur appears to be less than expected from purely geometrical considerations. For 

. the orthogonal pla$e, the electron component contributes about 75% of the total, but for 

the strongly tilted plate, all three components (electron, ion and recombination) contribute 

equally. Impurities and their associated radiation are also strongly affected by the tilt angle, 

as discussed in the following sections. 

. .  . .  

D. Helium Simulations 

Figure 6 shows how plasma parameters vary with core helium concentration over the 

range 0-15 percent. The total helium radiation is 12 MW for 15 percent core helium 

concentration. The hydrogenic radiation is about 13 MW, nearly 'independent of the helium 

concentration. Total power crossing the core boundary is 150 MW, so the total radiated 

power is less than 17% of the power into the SOL. This is a full two-plate simulation with 

orthogonal divertor plates and core hydrogenic density 4 x lo1' m-'. Weak values of the 

radial diffusion coefficients are used. A simple diffusive neutrals model is used for both 

hydrogen and helium neutrals. 

Simulations in an outer-half-space configuration show that the plasma is strongly af- 

fected by plate tilt. Figure 7 shows that the plate tilt tends to increase the hydrogenic 

ion density in the private flux region near the plate. Figure 8 shows that for one percent 

helium concentration a t  the core boundary, the helium concentration in the divertor is only 



0.001 percent near an orthogonal plate, but this increases to about one percent for a modest 

plate tilt (about = 45"). The helium concentration is largest (about 3 percent) at the 

outer wall near the tilted plate. With the tilted plate there are strong particle flows (orders 

of magnitude larger than for an orthogonal plate) of both hydrogen and helium along the 

outer boundary of the plasma toward the divertor plate and corresponding flows away from 

the divertor plate along the separatrix (see Figure 9). The ion thermal force on the helium 

impurity is included in these simulations. The inertial model is used for neutral hydrogen. 

Power crossing the core boundary is 50 MW per channel and the core hydrogen density is 

3 x lo1' m-' with weak values of the radial diffusion coefficients. 

We have simulated the effect of pumping by setting the albedo less than unity on a 

10 cm section of the private flux wall near the outbo.ard divertor plate. Figure 10 shows 

that with increasing pumping the plate electron temperature approximately doubles as the 

hydrogenic particle removal rate reaches 8 kA. Over this range of pumpingstrength the peak 

heat flux on the divertor plate increased by less than 20 percent. For these simulations the . .  

helium concentration at the core boundary was 1 percent, but very little helium was pumped 

(about 1 Amp at the maximum pump rate) because the helium concentration is low in the 

private flux region (see Figure 8). The pumping would be effective in removing helium if 

the active pump area is on the outer wall where the helium concentration is much larger. 

E. Neon Simulations 

The strength of the radial diffusion for the impurity ions has a strong effect on the 

total radiated power and the radiation pattern as shown in Figure 11. For weak diffusion, 

the radiation above and below the x-point is about equal, whereas for strong diffusion 

the radiation occurs mostly above the x-point. Table IV shows the variation of the total 

radiated power with the strength of the radial diffusion for several hydrogenic and neon 

densities at the core boundary. For 0.2 percent neon at the core boundary and 5 x lo1' m-3 

core hydrogen density, the total neon radiation decreases from 6.1 MVV with weak radial 

diffusion to 3.4 MW with strong radial diffusion. The hydrogenic radiation does not change 

significantly. The most strongly radiating case yields 25 MW of neon radiation for weak 

radial diffusion with core hydrogen density 3 x 10'' m-3-and 1.0 percent neon. 
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The tilt angle of the divertor plate dramatically changes the distribution of the impurities 

and total radiated power. This is illustrated for simulations with a relatively low 0.2 percent 

neon at the core boundary as shown in Figures 12 and 13. For the orthogonal plate the 

total neon radiation is 3.8 MW, but this increases to 5.9 MW for even a modest tilt angle 

(St = 25'). The tilted plate induces strong plasma flows in the SOL which distibute the 

impurities more uniformly over the length of the divertor leg. For the orthogonal plate 

most of the radiation occurs above the x-point, but with the tilted plate the radiation in 

the divertor leg is comparable to  that above the x-point. 

The importance of the ion thermal force on the impurities is illustrated in Figures 14 and 

15 which compare the radiation pattern and impurity density for cases with and without 

the ion thermal force term in the impurity force balance equation. These examples use a 

low concentration (0.001) of rieon at the core boundary, but similar behaviour is ekpected 

at higher concentrations. In the absence of the ion thermal force the impurity density and 

radiation extend well below the x-point into the divertor region, with the radiation peaking ' . 
locally in a weak marfe-like structure in the private flux region just below the x-point; . 

the total impurity radiation in this case is 7.5 MW. With the thermal force activated, the 

impurities and associated radiation are confined to the SQL region above the x-point; the 

total impurity radiation is only 1.9 MW. These simulations used strong radial diffusioii 

coefficients. 

IV. Summary and Conclusions 

We have observed that the magnitude and spatial distribution of impurities (helium 

and/or neon) and associated radiation are sensitive to the plate tilt angle, radial diffusion 

strength, and ion thermal force. For orthogonal plates the impurity concentration is low 

everywhere in the divertor compared to the core boundary value, whereas for tilted plates 

the impurity concentration at the outer wall near the plate may exceed the core boundary 

value. For weak radial diffusion the impurities are distributed relatively uniformly above 

and below the x-point to the divertor plate, whereas for strong diffusion the impurities do 

not penetrate significantly into the divertor region below the x-point. The ion thermal force 

also tends to keep the impurities above the x-point and out of the divertor region. 
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The helium concentration is highest at the outer wall near a tilted divertor plate with 

weak radial diffusion. The maximum concentration may be several times the value at the 

core boundary. The helium concentration on the private flux wall is typically an order 

of magnitude lower. Helium radiation losses are, at most, comparable to the hydrogenic 

radiation (of order 10 MW) for core helium concentrations up to 15 percent. 

For helium removal, pumping on the private flux wall near the divertor plates does not 

appear to be very effective. The helium concentration is much larger at the outer wall. 

Peak temperatures at the divertor plate may increase by up to a factor of two for strong 

pumping. 

Our most strongly radiating plasma has 25 MW of neon radiation losses compared to 

100 Mw of total power into the outer half of the SOL with 1 percent neon concentration 

at the core boundary and an orthogonaldivertor plate. Simulation results at lower neon 

concentrations indicate that the neon radiation losses will be significantly larger for tilted 

plates. 
. .  . .  
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Appendix A. Plasma/Neutral Fluid Equations Used in UEDGE 

The basic equations are written in the (x, y> poloidal and radial coordinates (suppressing 

the metric factors). The plasma continuity equations for ion species j is, 

where I<', K', and Km are rate coefficients ( (ave))  €or ionization, recombination, and 

charge exchange, respectively, n,h is the density of the hydrogenic species, and 6j,h is the 

Kronecker delta with j = h corresponding to the hydrogenic species. 

The ion parallel momentum equation, 

where B,/B is the ratio of the poloidal to total magnetic field and 9 is electrostatic poten- 

tial. The Coulomb interaction force between all charged syecies is represented by F. The 

term A denotes the effects of atomic processes of ionizatioi, recombination, and charge ex- 

change which cause a local exchange of momentum between neighboring charge states with 

different vj(1.k the trace-limit case, F can be expressed as gradients of ion and electron 

temperatures (thermal forces) and relative drift velocities of the different species using spe- 

cific coefficients [13-14]. In this limit, the ion inertia and viscosity . .  are only retained for the 

hydrogenic species, whereas for the impurities, the terms retained are the thermal forces, 

friction, pressure gradient, and electric field, giving an algebraic equation for the impurity 

parallel velocities.8 For the lion-trace case, all of the momentum equations, including that 

for the electrons, are added, and solved for the density mass-averaged velocity. This veloc- 

-_ 

ity, together with the plasma parameters and their gradients are then used as input to the 

package FMOMBAL developed by Hirshman14 to calculate the parallel impurity velocities 

and the friction forces for a l l  species. The ion-neutral friction term Fha, is given by 
e .  

Fhn = mnghnhKr(Vnll - '%[I) - mne(nhl{Lvhl) - nnl(i%ll> (A3 1 

where this term is presently only nonzero for the hydrogenic ions ( j  = h). The poloidal ion 
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velocities are 

and the radial velocity is 

c 

where Dja is the anomalous density diffusion coefficient for the j th  species. A constant 

radial velocity or pinch term can also be included, but here is, taken to be zero. The 

electron velocity is 

For the cases presented in this report, we take the current, J,  to be zero. 

The electron thermal energy equation is 

Here the conductivity in the radial direction is taken as anomalous for both electrons and 

ions, with /iey,iy xe,;. 

The ion thermal energy equation is obtained by summing the the equations for all ion 

species, including neutrals under the assumption that they share a common temperature, 

i.e,, Tj = T, E T;. 

The hydrogen and impurity neutrals are described by separate continuity equations of 

the form 
(-410) 

The neutral parallel momentum equation for hydrogen is 
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The neutral pressure is P,, and 7 is the viscosity. The hydrogen velocities in the two 

directions perpendicular to the magnetic field are given by a diffusion equation obtained 

from assuming the dominance of collisions in these directions: 

where is a momentum rate coefficient which for hydrogen is mainly due to charge 

exchange. For the impurities, the poloidal and radial velocities both come entirely from a 

diffusion equation as given by Eq. (A12). 

.. 
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Figures 

c 

FIG. 1. The ITER magnetic flux surfaces and the resulting mesh (with reduced number of 

mesh points) for the full single-null simulations with orthogonal plates. The region to 

the right of the dashed line is that included in the outer-half SOL calculations; symmetry 

boundary conditions are then applied where the dashed line intersects the full mesh. 

FIG. 2. The outer divertor plate region showing the orientation and specification for a tilted 

plate. 

FIG. 3. Electron temperature profiles at the outer divertor for various plate tilt angles. 

Half-space simulation with no impurities. 

FIG. 4. Ion density profiles a t  the outer divertor for various plate .tilt angles. Half-space 

. simulation with no impurities. 

FIG. 5. Peak power at  the outer divertor plate depends on the plate tilt angle. .Half-space 

simulation with no impurities. 

FIG. 6 .  Variation of total hydrogenic and helium radiated power and peak plate electron 

temperatures with helium core concentration for orthagonal plate configuration. . 

FIG. 7. Contours of hydrogenic ion density in the outboard divertor leg for orthogonal 

and tilted plate configurations. The hydrogenic ion density a t  the core boundary is 

3 x 1019 m-3. 

FIG. 8. Contours of total (ions plus neutrals) helium concentration, nHe/ne, in the outboard 

divertor leg for orthogonal and tilted plate configurations. The helium concentration is 

0.013 at the core boundary. 

FIG. 9. Total (ions plus neutrals) helium particle flux in the outboard divertor leg for 

orthogonal and tilted plate configurations. The vector length varies as the square root 

of the particle flux. The maximum absolute values are of order lo3  m-2sec-' for the 

orthogonal plate and 10" m-'sec-* for the tilted plate. 

FIG. 10. Variation of peak plate electron temperature and hydrogenic ion removal with 

pump strength (1-albedo) on a 10 cm section of the private flux wall near the outer 
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divertor plate. Helium concentration at the core boundary was 1 percent with weak 

radial diffusion coefficients. 

FIG. 11. Contours of neon radiation in the outer SOL for cases with weak and strong 

radial diffusion. The hydrogenic ion density at the core boundary is 5 x lo1’ m-3 with 

0.2 percent neon. 

FIG. 12. Contours of neon concentration in the outer SOL for orthogonal and moderately 

tilted plate. The neon concentration at the core boundary is 0.2 percent. 

FIG. 13. Contours of neon radiation in the outer SOL for orthogonal and moderately tilted 

plate. The neon concentration at the core boundary is 0.2 percent. Total neon radiation 

is 3.8 MW for orthogonal and 5.9 MW for tilted plate. 

FIG. 14. Contours of neon radiation in the outer SOL for cases with and without the ion 

thermal force in the impurity force balance equation. Both cases use strong radial 

diffusion with 0.001 neon concentration at the core boundary. 

FIG. 15. Contours of total (ions plus neutrals) neon density in the outer SOL for cases with 

and without the ion thermal force in the impurity force balance equation. Both cases 

use strong radial diffusion with 0.001 neon concentration at the. core boundary. 
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Tables 

TABLE I. Divertor plate parameters for full two-plate simulation with 150 MW into the 

SOL and weak radial diffusion. 

TABLE 11. Divertor plate parameters for full two-plate simulation with 150 MW into the 

SOL and strong radial diffusion. 

TABLE 111. Divertor plate parameters for outer-half-space simulation with 100 MM; into 

the SOL and weak radial diffusion. 

TABLE IV. Radiated power for weak and strong radial diffusion at various hydrogenic and 

neon core boundary densities. 
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TABLE 1: Full single-null simulation with P-core-e = P-core-i = % MW 
and diffusion coefficients = (0.33,0.50,0.50) m**2/sec 

1 Inner Plate 1 Outer Plate 

I 

Peak Power (MW/m**2) 49.4 
Peak Electron Temperature (eV) 13.7 

Total Power (MW) I 51 .O I 89.5 I 
58.9 
12.1 

Peak Ion Temperature (ev) I 2.7 
Peak Ion Density (10**20/m**3) . I 11.9 

Peak Neutral Density (10**20/m**3) I 19.0 I 13.2 I 

- 

2.51 
~ ~ 

11.8 -1 



~~ 

TABLE 2TFull single-null simulation with P-core-e = P-core-i = 75 MW 
and diffusion coefficients = (0.67,l .OO, 1 .OO) m**2/sec 

I Inner Plate I Outer Plate 

Peak Electron Temperature (ev) 10.0 8.7 
Peak Ion Temperature (ev) 2.6 2.4 

Peak Ion Density (1 0**20/m**3) 10.5 10.5 
Peak Neutral Density (1 0**20/m**3) 12.6 10.5 

- 

I Total Power(MW) I 50.7 I 89.0 1 
I Peak Power (MW/m**2) I ' 32.6 I 38.3 I 



P 

TABLE 3: Outer-half-only simulation with P-core-e = P-core-i = 50 MW 
and diffusion coefficients = (0.33,0.50,0.50) m**Zsec 

I inner Plate I Outer Plate - 
Total Power (MW) 96.6 

Peak Power (MW/m*2) 72.5 
Peak Electron Temperature (ev) 25.5 

Peak Ion Temperature (ev) 3.1 

7.7 
7.2 

w 

Peak ion Density (1 0**20/m**3) 
Peak Neutral Density (1 0**20/m**3) 

. .  



Core Neon 
Concentration 

.0067 

I .006 I 5.0 I strong I 6.4 1 11.8 1 

Core Hydrogen Radial Total Hydrogen Total Neon 
Density Diffusion' Radiation (MW) Radiation (MW) 

(1 0**19 /m**3) 
3.0 weak 5.5 13.6 

I A08 I 5.0 I strong I 6.3 I 17.9 I 

.01 
.002 
.004 
.002 
.004 

I I I I I .0085 5.0 strong 6.4 20.3 I 

3.0 weak 6.2 25.1 
5.0 weak 6.2 5.9 

5.0 weak 7.5 24.5 
5.0 strong 6.7 3.4 
5.0 strong 6.5 7.2 

. .  



Total Power (MW) 

1 Peak Electron Temperature (eV) 1 

Inner Plate Outer Plate 
51 .o 89.5 

13.7 I 12.1 
Peak Power (MW/m**2) 49.4 

1 Peak Ion Temperature (eV) 

58.9 

2.7 I 2.5 
I Peak Ion Density (10**20/m**3) I 11.9 I 11.8 
I Peak Neutral Density (1 0**20/m**3) I 19.0 I 13.2 



Total Power (MW) 50.7 89.0 
Peak Power (MWlm**2) 32.6 38.3 

Peak Electron Temperature (ev) 10.0 8.7 
Peak Ion Temperature (eV) 2.6 2.4 

Peak Ion Density (1 0**2O/m**3) 10.5 10.5 
Peak Neutral Density (1 0**20/m**3) 12.6 10.5 

! 

TABLE 2: Full single-null simulation with P-core-e = P-core-i = 75MW 
and diffusion coefficients = (0.67,l .OO, 1 .OO) m**Wsec 

I Inner Piate I Outer Plate - 
- 
- 
- 
- 
- 
i 



TABLE 3: Outer-half-only simulation with P-core-e = P-core-i = 50 M W  
and diffusion coefficients = (0.33,0.50,0.50) m**2/sec 

Total Power (MW) 96.6 
Peak Power (MW/m**2) 72.5 

Peak Electron Temperature (ev) 25.5 

Inner Plate Outer Plate 

Peak Ion Temperature (ev) I ~~ 

3.1 
~~ 

I Peak Ion Density (10**20/m**3) I 
I Peak Neutral Density (10**20/m**3) I I 7.2 



TABLE 4: Radiated Power for various densities and diffusion st 

Concentration 

.002 5.0 strong 6.7 3.4 

.004 5.0 strong 6.5 7.2 

.006 5.0 strong 6.4 11.8 

.008 5.0 strong 6.3 17.9 

.0085 5.0 strong 6.4 20.3 


