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ABSTRACT 

Analytic and two-dimensional computational solutions for the plasma 

parameters near a toroidally synnetric limiter are illustrated for the 

projected parameters of a Tokamak Fusion Core Experiment {TFCX). The 

temperature near the limiter plate is belo* 20 eV, except when the density 10 

cm inside the limiter contact is 8 x 10' 3cm~ 3 or less and the thermal 

diffusivity in the edge region is 2 x 10*cin2/s or less. Extrapolation of 

recent experimental data suggests that neither of these conditions is likely 

to be met near ignition in TFCX, 30 a low plasma temperature near the limiter 

should be considered a likely possibility. 
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I. INTRODUCTION 

in order to have an adequate safety margin against sputtering and 

erosion, the plaama near a material boundary in a tokam&k should have an 

electron temperature of about 10 eV or leas. This is relatively easy to 

achieve with an expanded boundary or divertor configuration,1 where the large 

volume in the boundary allows the possibility of radiating a significant 

power. A large scrape-off thickness can be achieved by radial neoclassical 

and/or charge-exchange transport because the competing process of heat 

conduction parallel to the oagnetic field occurs over an extended connection 

length near the magnetic separatrix. 

The requirements for achieving low tennperature near a limiter plate, have 

not been well defined. Earlier work used poloidally averaged transport models 

to in'/estigate "cold plasaa mantel" solutions to this problem • These 

solutions required a sizeable poloidally averaged impurity density on the 

outermost flux surfaces in order to radiate the power flow from an ignited (or 

nearly ignited) plasma core. This required limited inwara plasma transport 

near the plasma periphery lit order to avoid mixing impurities into ths plasma 

core. Subsequent investigations of microinstabilities due to the strong 

radial temperature gradients have cast doubt on whether such a cold plasma 

mantle can be obtained in practice. 

Recent experience has shown that poloidal asymmetries play a dominant 

role in the energy flows in the peripheral plasma in a tokamak. He have 

therefore reinvestigated the question of tokaaak boundary conditions by 

including consideration of poloidal asymmetries in an analysis of the 

temperature expected near the limiter of a. tokamak with an ignites plasma 

cor*^v iFirst, we adapt a simple "two-point model" of the poloidal asymmetries4 

in order to illustrate the important contributions to the energy and particle 
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flows. Then we present numerical solutions of two-dimensional particle, 

momentum, and energy balances. 

The emphasis here is not on working out in great detail the consequences 

of a specific set of assumptions about boundary density, radial transport 

coefficients, etc. Rather, we survey a variety of assumptions to see which 

give an acceptable temperature near '.Jie liaiter plate. we then go on to 

review briefly the present state of knowledge about energy and particle 

transport, and we argue that favorable solutions are reasonably likely to be 

realized in practice. This has significant implications for the range of 

npt^.ons which must be considered in designing lim iters for ignition 

experiments. 

II. TWO-POINT MODEL 

The geometry of the two-point model 4' 5 is shown in Fig. 1. For the 

particular example worked out here, the limiter is positioned at the bottom, 

but the diagram can be rotated ±90* for inboard or outboard limitars. The 

power from the plasma core is assumed to leave the up^er scrape-off regions by 

heat conduction along magnetic field lines. The D-shaped toroidal plasma is 

first modeled as an equivalent-circular cylinder and the scrape-off regions 

are then elongated to rectangular boxes. Half of th<> power flows through each 

of two such bo^es, only one of which is shown here and modeled below. The 

width of the 3crape-off region is taken 33 twiae the haIf-width  L* estimated 

from the power balance for the first region. 

nvTA 
* core 

L, "core 
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n,  %r and T are the density, taaperature, and radial thermal diffuaivity in 

region 1, * c o r e » 4it
2R0aWJ is the surface area of the plasma core (where R Q is 

the najor radius, and a is the circular equivalent minor radius), and Q c o r e 

is the power outflux from the core. 

The energy balance for each of the scrape-of;" regions near the limiter in 

the analytic model includes conduction from region 1, radiative losses in 

region 2, and transport to the limiter through an electrostatic sheath 

2 "core *eond = rad 'sheath ' 

where 

B9 
Bcond = — V 

T — T 
2 1 

• ' 

l Zeff J 4 J / 2 12*)"
2

\ e 4 

T = 

and where y0 •» 12.2 - 9 ê-'f a n d ^ a r e l=lTe non-Lorenfcz gas correction and 

Coulonb logarithm given by PraginsJ£ii«6 (Bote that we cannot conveniently 

integrate this energy balance' when there is a substantial contribution from 

radiation, so we have taken care to boundary-center the value of T used in 

computing the parallel conductivity.) We include carbon radiation 

prad " n2 W 2 ' 
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where f = <2 f t f f - 1)/Z_(ZC + 1) relates the fractional carbon concentration 

— 19 

to its mean charge, Z c, and the effective charge,  Zetf, and l z « 5 x 10 " erg 

cm~^ s~1 is the coronal equilibrium radiation rate for carbon near 10 «V. 

The geometric parameters in the energy balance are the effective length L. of 

the region 1, the area A » 2nR0A of the boundary between the regions (with A -

2L,,,), the volume V 2 » 2*RL2A of region 2 where L 2 is the poloidal length of 

region 2, and the magnetic field inclination Bg/B • e/q where E » aeq/ R  ^s t n e 

inverse aspect ratio and q is the equivalent circular safety factor. The 

energy flow to the sheath is Qsj,eath °*
 8 n v T A B g / B w h e r e v * (2T/Si) ' , m^ • 

Ŝ m , «L is the proton mass, and 2t̂  is the average ion atomic mass. 

These equations allow one to determine the upstream temperature, T., as a 

function of downstream density n 2 and temperature T 2, given assumptions about 

Q c o r a ,  x> z

e f f
 a n d t h e geometric quantities L. , L 2, R, a e q, and q. The 

upstream density is determined by assuming half the upstream pressure is lost 

to kinetic motion in the downstream region to obtain  n^X^ = 2n2T,. It is also 

of interest to compute the ratio R of the plasma flux on the plate to the 

particle outflux from region 1: 

where 

o o mfp 

is the neutral opacity of region 2, ^ f =
  v

a/l
n2 < O T >2> i a t h e neutral mean-

free path, v 0 =« [2E 0/(S om p>]
1' 2 is the neutral velocity, E 0 is the neutral 

energy, AQ is the mean atomic mass of the neutrals, <3v>2 is the electron 
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iapact ionization rate coefficient evaluated at the temperature T 2 (cf. Sec. 

is the effective path length for neutrals in region 2, 

and fi e ai, • e ° is the transverse leakage of neutrals from the recycling 

region, (The peculiar notation here is adapted from treatments of divertor 

plasma where the transverse leakage and penetration through the recycling 

region are not identical,) The Mach number of the flow just before the 

recycling region is then 

1 T1 J / 2 

M = 2JT £ T ^ 

A numerical example of the results of these equations, for a = 120 x 1.61/2 

= 150 cm, R Q = 300 cm, p^^g - 50 MW,  x   5 * 104em2/ 3, E 0 = T 2 = 12 eV, n 2 = 

2 * 1014cm~3, L 2 = a e 7i/4 = 120 cm, q = 2.3, ̂  =• 5,, =  T..5. Z c = 6, and Z e f f = 

1.5, gives L,p = 1.4 cm, P r a d = 15 MW, Qal-Leath
 = 1 0 M W» T1 = 5 2 eV-' n1 = °'a * 

101l*cm"3, R = 2,0 ar.d M = 0.56. That is to say, reasonable upstream plasma 

conditions (n,,^) appear to be compatible with reactor relevant power flux,, 

low temperature near the limiter, and a moderately high recycling region 

preceded by subsonic flow. To teat and elaborate the predictions of this 

simple model, two-dinensional transport simulations were performed. 

III. TWO-DIMENSIONM, FLOWS 

A. Fixed Parameters 

The geometry described above was extended to include 10 cm of the plasma 

region on closed flux surfaces. The computational mesh is related to the 

corresponding TFCX geometry in Fig. 1. A typical result is projected onto an 

MHD equilibrium for TFCX in Fig. 2. The transport equations were solved in 

rectangular geometry and included balances for electrons, momentum, electron 
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energy, and ion energy, with classical bulk viscosity and parallel heat 

conduction and anomalous radial transport of particles, parallel momentum 

(i.e., anomalous shear viscosity), and ion and electron energy , as described 

in detail in the Appendix.9'10 Viscous heating was also included in these 

calculations, but had no visually noticeable effect on graphs of the 

solutions. The radial ion thermal diffusivity and shear viscosity were Xi  " 

0.2
  x

 104cm2/s and TK - nX̂ nipX̂  vhere the mean ion mass number was A^ » 2.5. 

(He denote the radial distance on the computational mesh by y and the poloidal 

distance by x.) 

For this application, we employed a 3imple model of particle and energy 

sources based on exponential attenuation of recycling from the limiter and 

wall. Plasma striking the boundaries was recycled as 10 ev neutrals 

attenuated first along the field lines <for the limiter) and then radially 

inward. The attenuation of neutral flux through the plasma was computed from 

the rate of electron impact ionization. The ionization source rate 

coefficient was approximated by the expression <ov> = 3 x 10~8 * a2/(3 + a 2) 

cm 3s~ 1, with a = Te/(10 eV). Each ionization event removed 25 ev from the 

electron energy and added 5 eV to the ion energy. 

Fixed boundary condition at the outer wall were nĵ  = 1013cra~3, T e = T A = 

2 ev, 3u/6y - 0, where u is the flow speed along the magnetic field. At the 

upstream end, we prescribed zero poloidal flow and zero poloidal gradients.' 

At the downstream end inward from the limiter, zero flow and zero gradients 

were also prescribed; while on the limiter the conditions were u = (p/p) 1/ 2, 

and heat fluxes Ĵ  - 6 en euT e,  Q± « S ^ u ^ + 1/2 pu3, with 5 e = 4, 6 ± = 5/2, 

whern p = n(Te + T^* and p =• nm-R^. The conditions on the temperatures at the 

inner boundary were T e » Tj = T n, with T m computed in the code in order to 

obtain an average power flux into the scrapeoff of 135 kw/m2. The parallel 
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flow velocity wa3 zero along the inner boundary, 

B. Results of Parameter variation 

The radial energy and particle transport coefficients were varied, as was 

the density on the inner boundary. The energy and particle fluxes were 

oT. 

*i  *Y ay 

oy 

XQ was set to 2 x I04cra2/s or 5 x 104C!n2/s, with D - x^/2 and ^ = 2 * 

10 3cffl 2/s. 

Results of these parameter variations are given in Fig. 3 where we show 

the electron temperature in front of the limlter tip. For all but the lowest 

diffusivities and innar boundary densities, the temperature in front of the 

liraiter is below 20 ev. Opstream from this location is a transition region 

(to use terminology used for a similar phenomenon in che solar atmosphere) to 

a point where electron heat conduction along field lines maintains nearly 

constant temperature. When the boundary density drops belov a critical value, 

a cold recycling region fails to develop in front of the limiter, and the 

transition to low temperatures no longer occurs. The existence of such a 

critical density ia compatible with ^he results of Eetravie et̂  al. 1' who 

oredicted a maximum T e > 60 eV near the TFCX liiriter plate with an upstream 

core boundary density of n e • 0.* x 10'
4ca . The critical density depends on 

radial transport. Enhanced radial transport dilutes the parallel heat flux 

density and facilitates formation of the temperature transition When 

volunetric energy losses are included as "-ere, then the sensitivity to radial 
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transport rates is stronger than obtained from simpler analytic estimates. 

This is because increasing the volume of the scrape-off plasma soon leads to a 

situation where volume losses are significant, until the temperature in the 

recycling region becomes too low to support further volume losses. 

Of particular interest is the poloidal power flow shown in Fig. 4. Peak 

poloidal flow is 8 MW/m2, fading to 4 MW/ra2 in a radial distance of 1.6 cm. 

C. Uncertainties in n e and x« 

To appreciate the significance • of the above results requires an 

understanding of how scrape-off parametars have recently been chosen for 

reactor designs such as INTOR. To the best of our knowledge these parameters 

have been chesen as described below, first for the boundary density and chen 

for the boi jry diffusivity. 

The boundary density Is generally obtained from an estimated volume-

average or peak core-plasma density and a ratio of the core-plasma density to 

the boundary value. The core/separatrix density ratio was found to be about 

three for a variety of conditions in the first studies of INTOR plasma 

parameters, and later studies did not contradict this conclusion. However, 

we now knou that very broad density profiles can develop in cases where 

intense edge-localized recycling can occur. One should therefore ask whether 

there is experimental evidence to support the expectation of peaked density 

profiles in ignited plasmas. It is true that many present tokamak experiments 

show peaked density profiles, but these experiments have substantial 

contributions from deep fueling profiles and/or the Ware pinch. By contrast, 

the present calculations show extremely shallow fueling profiles. The 

contribution of the Ware pinch in an ignition plasma is negligible, as shown 

by the flat central density profiles obtained with the Ware pinch included in 
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early IHTOR modeling studies. An assumption that Ignition plasmas will have 

peaked density profiles must therefore be based on an extrapolation of an 

anomalous pinch. However, the evidence that an anomalous hydrogen pinch 

exists at all is based either on the dubious assumption of a flat or monotonic 

diffusion coefficient and/or a rather dubious analogy with impurity 

transport. There is therefore very little basis for extrapolating such an 

effect to ignited plasmas, as discussed elsewhere in detail.  To the extent 

that we have density profiles from high-power experiments with shallow fueling 

profiles, such as the PDX and  F.SDEX H-mode and possibly the PDX scoop 

experiment, the experimentally observed trend is toward very flat density 

profiles, with the density at 90% of the separatrix minor radius approaching 

one-half or more of the line-average density. These experiments still have an 

appreciable loop voltage and contribution froin the Ware pinch. It therefore 

seems reasonable that we should investigate a case with relatively flat 

density profiles — with the obvious qualification that all such 

extrapolations are difficult and other assumptions should be pursued in 

parallel. Using an extrapolation based on a purely empirical formula such as 

Xg ~ S * 10 /n e (INTOR) gives larger radial gradients at the boundary in one-

dimensional radial transport simulations than have been observed in 

experiments. It seems dangerous to use such an empirical extrapolation of 

existing data which does not taXe account of the effect of such gradients. 

When one is forced to make an extrapolation of edge transport rates to 

construct a baseline case for point modeling studies, the best one can do is 

to use available extrapolations of the effect of gradients on transport. The 

only such model now available is a preliminary semicmpirical model based on a 

very limited set of experimental simulations.14 This model is consistent with 

the values at the radius of the liniter tip set to ^ =* 2D = 5 x io cjn2/s, as 
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uBed to obtain the results described in Fig, 3. 

According to the considerations given above, the value n e « 10'* cm 

used  I Jre could conceivably be a rt*her low value for the inner boundary 

density, but a higher boundary density lends only to a proportionally higher 

density near the limiter plaia with no qualitative difference in the patterns 

of temperature distribution, Hec-h number, or power flows. A higher Xg i s n o t 

necessary for achieving low T e near the 11mltar in this density range. 

17. CONCLUSIONS 

We have demonstrated solutions of two-dimensional plasma flows with low 

temperature a id intense recycling near a limiter plate, and have explained why 

these solutions may be compatible with presently possible extrapolation from 

the limited existing experimental data. He have also investigated the 

dependence of these solutions on edge plasma transport, and shown that low 

temperature 'solutions occur under a variety of conditions. Of course, there 

are many other uncertainties about edge plasma. As one example, we set r =• 

-(Xe/SJSn/Sy - (Xe/6)(n/p)(8p/dy) and got virtually identical results for Fi<p. 

3 as with T • -tXe/2>on/By. There are also significant problems with our 

neutral transport model which can only be rectified by including a complete 

treatment of charge-exchange effects. Since charge-exchange reactions are the 

dominant effect ir neutral transport below about 10 eV, the temperatures below 

this value in our model are very uncertain. A separate investigation of these 

effects suggests, however, that charge exchange should not lead to a major 

increase in limiter sputtering.15 Finally, we note that radiative losses from 

the plasma boundary depend sensitively on the distribution of electron and 

impurity density near the limiter. While the other features of our analytic 

model are relatively insensitive to it3 simplistic geometry, the total 
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radiative loss  ia  only  an  order  of  magnitude estimate without a detailed two-

dimensional multispecies transport analysis. It is therefore possible that 

impurity radiation losses not included in our two-dimensional model could make 

a significant contribution to formation of a low temperature plasma near the 

llmiter plate. It therefore seems reasonable, but not certain, that a 

solution exists with low plasma temperature near the limiter, but the exact 

plasma temperature which may be obtained in uncertain. The questions remain 

of whether our solutions are accessible and stable. 

A3 to the question of accessibility-, we find a continuum of solutions as 

the density is gradually raised. We therefore expect the high density 

solutions to be approached merely by reducing the pumpout rate. Only if the 

radial transport were increasing at higher density might one possibly expect a 

bifurcation, with low and high recycling solutions simultaneously possible at 

a givm punpout rate. (This may be the ease in a divertor where neoclassical 

and/or charge-exchange effects can significantly affect radial transport at 

very high density.) In such a case, the high density solution would be 

obtained by temporarily reducing the pumpout rate or by depositing a fueling 

pellet in the scrapeoff. Next consider the question of stability. Since high 

density solutions are strongly influenced by volume losses, they tend to 

evolve towards even higher density until the temperature is too low to sustain 

further volume losses. The high density state should therefore be a thermally 

stable equilibrium. Provided the low temperature. region near the limiter 

cticupies a small fraction of the radial current profile, as in Fig.  2, it may 

not have a significant effect on stability of potentially disruptive low MHD 

node numbers. More detailed analysis of solutions such as those presented 

here may therefore bf fruitful. 
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PIGORE CAPTIONS 

FIG. 1. Geometry for analytic and 2-d models of TFCX 3crapeoff • 

PIG. 2. (a) Electron density and (b) electron temperature projected onto TFCX 

geometry, for  %c " 5 * 10 4em 2/s. 

FIG. 3. Electron temperature in front of limiter tip (at firat '.ignificant 

computational zone - zone 3) versus inner boundary density. 

FIG. 4. Pololdal energy flux to limiter. 8 is the inclination of the limiter 

to the puloidal flux contours (cf. Fig. 2). piim/ e o s® i a t l , e -ie'"»y 

flux density in the poloidal direction. The largest liraiter loading 

occurs at the limiter tir>; where 9 » 0. 
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APPENDIX  A :  EqUATIONS  FOfc  THE  TWODIMENSIONAL  MODEL 

We employ a system of equations governing the ion density n,; the parallel flow velocity 
vtv  the radial diffusion velocity v, and electron and ion temperatures T, and T,,  Auxiliary 
physical quantities  are the  electron density,  n,  =  £,n,,  the  mass density,  p  =  mity,  the 
total  and  partial  pressures,  p  =  pt+p,  =  n,T,  +  n,T,,  and  the  poloidal  flow  velocity, 
u    4f « r  The  coordinates x  and y  correspond  to  the  poloidal  and radial directions re
spectively  ^/f,  A*,and kn  are metric coefficients; the coordinate system may be curvilinear, 
although  it  must be orthogonal.  The equations are: 

.«»(»l» + £fe + £ £  .  (A.4) 
H<i"« + 5K) 

V* 

. * + ,«_„_,•£..£*  (A.S) 

•Sin  ^ma..,  5^,and  S|.  are volume  source* of  ions,  momentum,  electron, and  ton  energy, 
ijj  and ?jj are the  poloidal  and radial  ion  viscosity coefficients;  «•••  and  KJ'*  are  thermal 
conductivities.  The poloidal coefficients are related to classical parallel coefficients accord
ing  to  r/t  —  B^fB1  • tj', and  similarly  for  K%'*.  The  radial  coefficients,  including  D,  are 
anomalous,  k [Te  — 2V) is the electronion energy equilibration teravard  the Vp„ term on 
the righ'shand side of the energy equations represents work done by the electric  field. 
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