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Models for the edge conditions which are commonly used in tokaroak transport codes have I

been kept simple partly because of a lack of data. We present a report on an improved model:

for the particle and energy balance of e~, JL, tt?, H_, H_, 0 , 0 in the plasma

scrape-off region. Experiments should yield the needed data in the near future, and allow

us to test the model.

The diffusion of impurities has been studied with a neoclassical model. TUe role of

'anomalous spreading3 of the impurity distribution has been studied for the case of Fe.. We

present a model for the expulsion of low-Z (oxygen) impurities for cases where q(0) > 1, but

in which a large shear-free region is produced'in the plasma core. •'

1. INTRODUCTION " - •

There are many computer models of tokamak transport (see the surveys by Mercierfl],

Diichis[2], and Hogan[3]) Their treatment of edge effects has been kept relatively simple,

in part because there is a scarcity, of relevant data on many of the fundamental wall inter-

action processes. Typically, the edge values of plasma temperature and density in these

codes will be held to some pre-determined value. The incoming fluxes of neutral gas and

impurities are prescribed either by qualitative comparison with fast pressure measurements

and line radiation intensities,, or else they are chosen to satisfy some overall requirement

on the temporal behavior. Examples of the latter are the condition of a fixed total number

of particj.es., or an oxygen recycling rate equal to the hydrogen rate.

Because there are good prospects for a more detailed examination of some of the funda-

mental impurity production processes, ve have improved the model used in the Oak Ridge

Tokamak code to treat edge effects. We nave beer, encouraged along these lines by the work

presented by Hotson and McCracken[U]. Our boundary model is sonewhat different, though,

and it derives from the treatment of the C-Stellerator by Hinnov, Bishop, and Fillonf5].

These authors have modeled the entire stellerator discharge by solving coupled zero-

diraensiorialrate equations for the time evolution of the energy and particle balance in a

pure hydrogen plasma with a temperature around 10-50 eV-. .Fox our. problem we jconstruct a

S «j i model for the "time evolution of the energy and densities of electrons, H,, H,, Hp, EU, 0 ,

-j o' ^ in the region of the tokamak which lies between the 'last flux surface,1 i.e., that

| which tSuches the liniter, and the- vacuum chamber wall.' in Fig. 1 we show the generalized

j geometry. This edge plasma is characterized by the -plasma surface area'A and a mean thicks ,."

•~*~'!"'"f'ness,-A! r defined such t"iiat"the volume" of plasma between the 'last'flux. surface' and the •

• • • I liner -wall' ie V = A A. We- -have chosen oxygen as the- only impurity species- in the edge
f " - - •• - S- w - - . • . • ^

plasma- loleiy-for. simplicity... The. wail chemistry is.known to be "much more complicated *han

this; and to" be imper.f<?ctly prescribed'! Tbrs model" is sel-f-consistent, however, in that the •

production of .neutral hydrogen and oxygen by charge exchange, photon and photoelectron j

desorption, plasma evaporation, thermodesorption and sputtering is calculated using out- |

i going fluxes provided by our radia] transport model. The boundary conditions are then .. '
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/determined by solving the correct particle and energy balance ̂ in the" scrape-off region..

-These boundary conditions in turn provide the incoming neutralVgas and impurity fluxes

needed to-describe the transport processes forthe radial transport model.

The "second part of this report on our ongoing .work is devoted, to a study of various

impurity diffusion models. Since the needed data are poorly known for basic desorption and

evaporation rates, and since the wall chemistry is complex and poorly known, we will use

experimental-measurements reported recently[6] to test the neoclassical impurity diffusion

model. The cases of 'high-Z' (iron in our case) and low-Z1 (oxygen) are presented separate-

ly. - . - • . . . .

In the first case we wish to see whether the measurement of central impurity densities

provides an estimate of the 'anomalous spreading' which is cotanonly added to neoclassical

impurity diffusion rates. Since we treat a low-current case, there is probably no signifi-

cant charge exchange sputtering, ao we ignore this source in the calculation.

ID tt»e second case, we examine the interplay between a large flux of oxygen (Y_ ~

2 ' 10 cm~ S" ) and the MHD stability of the tokamak. For a case where q(0) > 1 we find

that fluxes of this magnitude can excite strong MIID activity by providing a core region of

iow shear. (This can also provide a mechanism for the strong disruptive instability[7] and

would explain why the stability boundaries against disruption are narrowed when the vacuum

vessel is ppoi-ly cleaned. ) We will describe the model for boundary effects in Sect. 2.

Section 3 describes the neoclassical diffusion studies of iron and oxygen.

2. BOUNDARY MOESI " . ~

We wish to consider the complex region between the 'last flux surface1 and the vacuum

chamber wall. The plasma (by which we shall mean the hot corq plasma) is treated by the

tokamak simulation model we describe in the Appendix. This model provides the sources or

losses which drive ths plasica/vall interaction from the plasma side; they are the processes

we will treat in the .model described here.

We will assume that the interface region carries no current ard that the required

electromagnetic properties are completely specified by providing tiie poloidal and toroidal

magnetic fields.

TJierate equations we solve for .the edge region are as follows.

2.1 Density Squations: I^rdrogenic
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i . Y, r,i Probability of Ho desorption by wall impact of Hi and Hg, respectively. {See

* Glossary for other terms. The relevant rates (S) are described in Table I.) .

3 2 Density Equations; Oxygen

i V
K"1 ' .Pk-1

B^ dt " I l Hl H0 1
 + Edescrption

(7)

(8)

^ are the diffusive loss rates for oxygen. The specific models for ^sorpt±oa and
•&& . will be discussed where they are relevant. IV,R> are the ionization and reeom-
desorption . ._

bination rotes.

3.3 Electron Energy Equation

dl = Pcore plasma " W l E l "

Zeff

- 7.7 ' 10-20 IJoN2(Te "° 2 %

N T NT

• P IOKIZATION (9)
where

P = -
PLINE -

2

>= (16, 18, 19, 20, 12, 575, 655) k = 2, 8

= (1, 1, 1.5, 1-25, 1.1, 1.25, .75) k = 2, 8

W - - ^ (k- l ) 2 N-/N
eff k=l °k e

i.k flySroge'nic Energy. Equations

- 3.3 1 i y ^ (Tp -
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The reaction r-ates S through S g and 2 , S , S. are listed in Table I. These

include processes for ionization, excitation, dissociation, and charge exchange. The L1

and L g + are particle loss rate terns which"also carry an energy loss. The cor-finement time

is taken to be Bohm or Pfirsch-Schiuter (whichever is shorter) for the scrape-off plasma.

The protons diffusing.to the wall recombine to return as H. with probability y. and as H,_

with probability en,. Similarly, the HL ions diffusing to the wall recombine as H. with

probability ¥„ and as K^ with probability <p2-

We assume that the oxygen equilibrates fast enough so that the proton and oxygen ion

temperatures are equ&l. This eliminates the.need for a separate oxygen energy equation.

These equations are calculated in the following way. An initial value 'is given to

begin. The radial transport raodel confutes the appropriate fluxes and the boundary calcu-

lation is. then moved along fron t to t + At. These boundary values are then used to compute :

the radial transport for the next timestep.

Flgurfe:"2.shows a. typical'calculated time evolution of t.he computed'toundary quantities", j

We assume a desorption yield-~ 0.005 atoms/photon for 100 kW'of 1032 A radiation (0VI). The j

calculsfcion-neglects-all.other processes, and starts-at t• = 0. As oxygen is evolved from

the surface, the electron density rises and temperatures drop to a few eV.

.3. IMgmgTY JTCjANSPORaCi ll.Qm.lS • . ._• -. -."-• •:. '[' • • -" "•'..••'• . •'.-• *•- " - ;"••-' - ' - • " "

We; may first discuss the transport of impurities by .decoupling the production.pro-

cesses fx'oiR- the calculation.. For present experiments there, are laser Thomson scattering

measurements .which-allow reasonable estimates of densities and temperatures near- the edge.

Also, the neutral transport physics is sufficiently straightforward that, with a proper

cylindrical model such as XSDEN[83, one may calculate the edge neutral density once the

central charge exchange flux is known. (This latter technique is valid, of course, only

when the discharge is known to be dominated by a single low-Z species, such as oxygen, for

which some quantitative estimate of the proton density is possible.)

I
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Thus, ve will treat impurity transport processes in this section by applying the usual

edge conditions and using experimental estimates for the neutral and .impurity influxes. •

We will discuss two cases: diffusion o? iron ('high Z')_and oxygen ('low'Z').-

3t-l Diffusion of Iron .- - . - . . . . . . - _• . . . .

We will discuss simple neoclassical transport of" a 'higS-Z' impurity (iron in our ease)

to investigate the magnitude of anomalous spreading which should be added to the neoclassi-

cal impurity diffusion equatipns to match the experimental results.

The impurity transport model is discussed in the Appendix. As an edge condition we

will assume that there is no sputtering of the wall by charge exchange neutrals. Further

we will study the plateau phase of discharge, reported by the TFR group[6], assuming that

there are 2 x 10 cm of iron atoms present initially, distributed uniformly in radius.

We take an initial central density of 3.5 x 10 ^ cm"^ and a fixed boundary density of 10 ^

CI3-3

Figure. 3 shows the evolution in time of n,, . Although the rise of np "(0) its. time is

substantial, this effect is due solely to rearrangement of the assumed initial 2 x 10 cm i

density; N_ (the total number of iron atoms) is constant (we have assumed that there is no .
jfe ' j

sputtering). The rise in central density is not evidence of sputtering by itself, since ;
the neoclassical diffusion process pushes the original number of impurities into a wmall j

i

volume,.thus substantially increasing the number density without increasing the number. '

Figure h shows the time evolution of 0^(0), Z^^fO) and JI^ for various values: of a, '

Choosing a ~ 0. 3 I

where the anomalous spreading diffusion coefficient is taken to be ol» .
P

will reproduce the observations.

3-2 Diffusion of Oxygen •'

We examine the same case, but now using only oxygen. The flow rate
-1

~ 2 x 10 1 5 cm"2

S~ reported in [ 6] is assumed for inflowing oxygen at the edge. Figure 5 (a-d) snows the

evolution of Te, jz, q,6xygen density profiles as a function of time. We note that, as new

oxygen flows in, the rauiative losses cause a strong contraction of tbe current channel.

The edge T drops and. because of the res'ilting increase in resistivity, so does the

current density. Since the total current is proartased to be constant in the plateau phase

Aof the experiment, the current density must increase elsewhere in the voluae. The mag-

netic diffusion time is a naxir.um on axis, and so the behavior* shown ic Fig. 5 is the

lesulti -there, results- an off-axis pea's in j,(r). The q(r)^profile, shows a local rdnimum,

•and so the. plasma is susceptible to a wide variety hydromagnetic instabilities*

This,implies.that our.radial transport model cannot supply an accurate description:

fast time .scale MHD processes will surely flatten the 'j profile and produce a broad shear-

free e|nt.rar.-q{r) profile. ' ' - . " • _ ' . . . . j

Tfte effect of this mixing process will be fo produce a•steady-state in the"impurity * " j

balanced- "-The-'turbulent mixing will produce the efflux of-fully stripped oxygen atoms which

.is needeS"jt'o" balance: the- .-incoming- lower ionized states.- We note that q(Q) > 1. -Thus the

cpnditipj.-s. of low shear which are provided by the high impurity influx can be present for

high q(a). It follows that the narrowing of stability boundaries against strong disruption

should be very sensitive to the state of cleanliness of the wall in this model as it is

observed to' lie Tri "pyrcti
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APPENDIX " • . . - . - . - .

• Particle Balance:- We treat- the electron balance, using charge neutrality to determine :

t h e p r o t o n - d e n s i t y . ••- - • - - . • " - . • - • • .

Xi)

Electron Energy Balance:

The electron energy balance treats the conduction (q^), convection (j| N VT ), electrcn-

protoa thermal equilibration, ohmic heating, the source of cold electrons, radiative losses

and auxiliary heating. The calculations for o , V, E, i, PR ., and Q^ . are discussed, for

example, by Hogan[3]. . . »
Proton" Energy Balance:

3 ? " To>

Field Diffusion: The relevant electromagnetic equations and an Ohm's law

ofc or o p or

GLOSSARY OF TEg-S

N : Electron, proton density

V: Ambipolar d:".ffusion velocity (defined below)

N : Density of neutrals

(3)

<ov>ion '
Rate of electron impact .ionization of neutral H .

3t ._ Souyce of; electrons from impurity stripping _̂

%EAM:" Source of" electrons from injected beam

Tg _:. 'Electron, proton temperature

q-*V^' r-EJrectroH=proton--heat flux - -• .. "- '. . -.- ->;
- fE/P' - " • V " " - " " • - - • . - .

at'-- - f - Electron.- proton Brasses - ' . •-
C , p - • • . • • • . - •'• ~ • . . .- . •• •
* t : • • ' • • -- • .- •• . • - • • a / 2

- ' .y •:•••• E i e c t r t f p - i p n . - s c a t t e r i n g , t i n e , = %Jn T-'
c - _. • * ^ . • ^ - ^

;r- . -:(A~= Coulomb logarithm, e: electron charge)

• E: Longitudinal electric field.

\e '' &

J ( !

T : Mean energy of H
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iT-

P R a d: -Xosses due to all .forms of radiation: brenjsstrahlung, -recombination and • •

.-;.. - l i f i e . r a d i a t i o n .. .'. . \.. •"-•-. ,- '.\~- ."-.-. -" .-..'•*• .', -- •".-- - .' .'.- •

": Energy .source from injection for "electrons^, protons • •• .

Charge exchange'rate * '*•-.-"•'._.. •

B: Foloidal magnetic fieId-

1):- Plasma resistivity

JB: Beam-induced current

Hg,Hg: Density of H°, H*

T|,Tg,Tf: Mean energy of H|,I^,.H^

. 1 , .•..-.-..^.-•v ^-- nV>vj3t'-., i ••••>i • [ • • • . • i 1 v j , • • •
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A • : FIGURE CAPTIONS

Fig. 1 A generalized view of the geometry. Processes occurring in the volume V,, are
treated, by the zero-dimensional code. The only spatial attributes of V^are

-.',.. the-Jaean thickness A, defined .as. the ratio of V_ to the plasma surface area,
"'-V and the ratio of the wall-area to1 the'plasma surface area. This latter
... -• quantity is not used in the paper, but it is' important to studies both of the

' .. -:.• effect* of bellows-configurations, and. of gettering. . - . -. - . - -

Fig. 2 Typical result for an ORMAK case. The evolution of H o and oxygen at the wall
is stimulated by a hypothesized photoelectron desorption due to line radiation.

Fig. 3 • Pure neoclassical'evolution of'the iron density for a TFKqase. The <z> of
ions is shown at the top, while the spatial evolution of Npe appears at the
bottom. The neoclassical peaking leads to a sharp rise in central density
without an increase in the total number of iron atoms.

Pig. h The effects are shown of adding in the particle diffusion D as an 'anomalous
spreading' in the impurity diffusion. The result, of Fig. 3 is reproduced for
a = 0, while a = 0.5 produces levels more nearly in accord with observation.

• - 1 5 - 2 - 1
Fig.- 5 ' Evolution of the discharge with an oxygen flux Y0Xy ~ 2 • 10 -cm. S at

. the boundary. A flux of this magnitude- causes the off-axis peak in j (top
left) which produces a local minimum in q (top right). The T e prof ill peaks
in the center (lower left) while the oxygen level is controlled by the slow
response of lle (lower left).

-i.
. - • - • * • - . -

. it-.
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