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Models for the edge conditmns which are common]y used in toka.mak transport codes bave
been kept simple partly bece.use of a 1a.ck of data. We present a repgrt ‘on .an improved model :.
02~ 4 the plrasma -

for the nartlcle and energy balance of e~ ’ H'.L’ H'.L’ HQ, H s 0°, »
Experiments should yield the needed data in the near future, and allow

scrape-off region,

us to test the model. .
The diffusion of impurities has been studied with & neociassical model.

'anomalous spreading’® of the impurity distribution has been studied for the case of Fe.. Ve
present & model for the expulsion of low-2Z (oxygen) impurities for caser where q(0) > 1, bug

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

. The role of

s 1. INTRODUCTION
There are many computer models of tokamak transport {see the surveys by Mercier[1],
Their treatment of edge effects has been kept relatively simple,

Dichs[2], and Hogan[3])
in part because there is a scarcity of rélevant data on many of the fundamental wall inter-
Typically, the edge values of plasma temperature and density in these

Mo e
~ !
. rxi!':@ = action processes.
ﬁ = £1 codes will be held to some pre-determined value. The incoming filuxes of neutral gas and
g, c>:: 'iuﬂ: Jmpurities are prescrl‘:_:ed either by qualitetive comperison with fast presiure measurexments ;
"’?}:},E and line radiation intensieies,, or else they are chosen to satisfy some overall requirement )
mf2 2 | on the temporal behavior., Exemples of the latter are the condition of a fixed total number
? § 43' of particies, or an oxygen recycling rate equal to the hydrogen rate. X .
é 5 3 Because there are good prospects for a more detailed examination of some of the funda- v
& & ff’? mental impurity production processes, e have improved the model used in the Oak Ridge
:;, 5 ',: ! Tokamek code to treat edge effects. We nave beer encouraged along these lines by the work .
g E}g § preserted by Hotson and McCracken{k]. Our btoundary model is somewhat different, _though,‘
. g ,—g g‘ g and it derives from the treatment of the C-Stellerator by Hinnov, Bishop, and Fillon{5] :
= ol a ’ § . These authors have modeled the entire stellerator discharge by solving coupled zero- s g
- 5 § 3 3' dlmen51onal rate eauat:.ons for the time evolution of the energy and pertlcle balance in a : -
,‘2 ’g 5-‘ E pure hydrogen plasma w1tn a temperatu*e around 10-50 e\' For_ our, problem we xzonstruct a ‘
?" -F‘? E 8 '3 model for the “time’ evolutlon of the energy and dens:.t:.es of electrons, I, u° 5 :12, H2 o° . ’-/.
[ - (l Bﬁm the reg:.on of the +okamak whlch lies between the '1ast flux surface,' i.e., that .
:_" . ‘which téuvnes the lz.mxter, and the vacuum chamber wall In Flg 1 we show the generalized I
‘ - . geomet}'y._ Tth edge plaﬂma 1s charactenzed by the pla.sma sune.ce e.ree A and a mean th:,ck- .-‘\' .
2’-"7“: ey S ness, - A: &efmed such tnat the volume of plasma Betveen the '1ast f"ux surface' and the N L
liner wall is. v A A, - We ha.ve chOSen ‘oxygen as the . only 1mpur1ty spec-es 1n the edge g
The. wall: chemlﬂtry is. ‘known to be much more complitated.s shan ‘a

plasma Eolely for simp].lcn_ty.,.
Thi s ‘mbdel is self'-cons:.stent s however, in that the

) . ‘his e.nd to be 1mpenc>ct1y preserlbed
productlon of -nieutrel hydrocren and oxygen by char"e exchange, photon and photoelectron

%
desorption, plasma evaporation, thermodesorption and sputtering is calculated using out- ,
'I‘he ‘romdan condltlor's are then o ; . :
i :
i

.y ,going flu.xes prov1ded by eur radial trane.vart model.
*Research sponsored by the Energy Reqearch a.nd Development Administration under contract P =
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determined by aclving the correct’ p:.rticle and. eper y balance m the scrape o -off reglon

~These boundary conditions in turn provide the incomlng neutralar;as &nd :.mpurity fluxes
needed -£o -describe the transport proceﬁses I‘or the radial transpor.t model -
The secorxd part of tbls repcrt on our ongomg work is devoted to a study of vnrious .

impmity diffusion models. Since the needed data are poorly xnown for basic desorption and .

evaporation rates, and since the wall chemistry is complex and poorly kncwn, 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-Z' (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 commonly added to neoclassical

impurity diffusion rautes. Since we treat a low-current case, there is probably no signifi-
cant charge exchange sputtering, so we ignore this source in the calculation.

In the second case, we examine the interplay between a iarge Plux of oxygen (‘i’o ~
2 « 10" en? s'l) and the MHD stability of the tokamak. For a case where q(0) > 1 we find
that fluxes of this magnitude can excite strong MID activity by providing a core vegicn of
low .shear. (This can also. provide a mechanism for the strong disrupti.ve instability{7) and
would explain why the stability boundaries against disruption are narrowed when the vacuuam
‘vessel is poorly cleemed.) We will doseribe the model for boundary effects in Sect. 2.
Section 3 describes the neoclassical diffusion studies of ircn and oxygen.

2. BOUNDARY MOTSL T

We wish to consider the complex region between the 'last flux surface' and the vecuum
chamber wall. The plasma (by which we shall mean the hot cor= plesma) is treated by the
tokamak simi;lation nodel we describe in the Appendix. This model pz;ovides the sources 6:‘
Jdosses which drive the plasma/wzll interaction from the plesma side; they are the processés
we will treat in the mociel descrived here.

We will assume that the interface region carries no current ard that the required
electramaznetic proverties are completely specified by providing tie poleoiddl and toroidal
megnetic fields. ) _

The»rate equations we solve for the edge region are as foliows.

P . - . - - . e -n . " [ -
. . - - - - s L. .
. - - <

2.1 Density Ecuetions: }hrd_rogenic . .

- e.
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“:'.' ) | + PR oL
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’ {17 7y, 5+ Provability of B3 desorption by wall impact of i and 1, respectively, (See
! s
: Glossary for other terms. The relevant rates {S) are described in Table I.). .
. 32 Density Equaticns:  Oxygen R '. el L ,\ et ; P
1 1 SRR N -IN- RN L ":"'(9 2k 2 2) T
. : dt 01; S Sty Fen Yo,y KO Rk O . By 7T e o
14 ooy
RN -ILN +% - (8)
N at 01 2 02 l 0 descrption OJ.
: Iok are the diffusive loss rates for oxygen. The specific models for Ezecorption and
. XY . will be discussed where they are relevant. Rk are the ionization and recom-
[N desorption : A R
: bination rotes.
3.3 Electren Energy Equation
3;[3 T] =P - N SE -NNS.E - N0 - NNOS,E - N_NoS
coreplasma e o011 e'2°2%2 e23E3 257y e25E5
o+ '
- NN ScEc - NN S, (1.08 ELd)
- R X5, (0.65 Ejg + 0.52 Byfg)
- NN S, (0.51 B, gy * 033 Eg) ( .
NN(T ~T. )mA
-31 -19 "e’p' e p
- 2. - f
3-103 7 w2/, - 1530 10 7z
+ e
SRR (T, = T A _ .
- 7.7 10 3/2 K
; e .
: : &t
H NT T
3 pe 3 2 e v
; 2 —-—1_ 5 ——T - NeN {s +S3+Su+S,: oy
! 20
l‘ R
| = Pume - PronzzarIon y B3 (9)
¢ where -¢ /T ~-83/T
: P =45 i ('7: By e‘ke+lN e e)
LINE 270 «
" - . /Te ~6 .
7 Ck ‘.(.16: 18: 19, 20, 12, 575, 655) k =2, 8
ck = (1, 1, 1.5, 1.25, 1.1; 1.25, .75) k = 2, 8
E < Zers g (k l) N /N . .
E - _ . . .
?: “3.4 Hy&rogenic Energ‘y. Equations ) - ) -
t -
S oo 32 TE My {qt' 32 T + 8%
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+

NeN;Sb'(g ° + i“‘“b,) + NeN2$6(3 * AE6)/2

3
+NFN°572(T T)+N 8("T)+" = (-a-Tw)
. .
2 3 3 o Co.
v, F 3T - 5N - Ry * Q2)
3N
& ("2.0\_._3.0 {e]
w71 " ETZ[NeN2(32+SB+Sk+S)+N 38]
.04 3emt o N N;3
+N2N259-2-(T2-T)+ HT +\r T'ET --NT(l-RE)/T (13)

The reaction rates S, through Sy and s2x, S5 Sy BT iisted in Table I. These
include processes for ionization, excitation, dissociation, and charge exchange. The L1+
and L2 are particle loss rate terms whlch also carry an energy loss, The cornfinement time
is taken to be Bohm or Pfirsch-Schliiter {whichever is shorter) for the scrape-off plasma.
The protons diffusing.to %“he wall recombine to return as Hl with probability wl and as q
with probability @ . S:.milarly the H2 ions diffusing to the wall recombine as H1 with
probability Y2 and as h2 with probability ®pe

We assupe that the oxygen ejuilibrates fast enough so that the proton and oxygen ion
tenmperatures are eguel, This eliminates the need for a separate oxygen energy equation.

These equaticns are calculated in the following way. An initial value is given to
begin., The radisl tranzport model computes the epprooriate fluxes end the boundary calcu-
] 1ation‘i; then moved along from t tot + At. These boundary values are then used to compute
the radlal traﬁebort for the next timestep.

Figure‘?—shows a typicel calculated time evolution of the computed'boundary quantities: :
: . We assume & desorﬂtion yield-~ 0. OOS etoms/photon for 100 k¥W-of 1032 A radiation (QOVI). The
L calculshion- neglects -all. otter proce ses, gnd starts-at t = 0. “As oxygen is evolved from
the surface, the electron density rises and temperatures drop to a few ev, :
s }-.:..:_-:;_ 3. mamm TRANSFORT: MODE.LS Crel e T ~_ S er o emec eI
- ‘x.: R We may ‘irSu discuss the transport of 1mpur1t1es by decoupling the production pro-

N

] cesses Irom the calculation. _For present Pxperiments there are laser Thomson scatterwng .
TR j—‘*. .measurements which allow reasonable estlma es of den51t1es and temperatu“es near- the edge.
Ea o ' Also, tﬂe neutral transport physics 1S sufficiently straightror-ard that, with a proper
cylindrical model such &s XSDRN[8], one may calculate the edge neutral den51ty once the
central charge exchaﬁge flux 1s known.‘ (Thia latter ‘technique is valid, of course, only

._.when ‘the iiec%wr;e is knowm to be domineted by a cingle low-Z specieg, such as oxyg8n, for -

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

B
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Thus, we will treat impurity transport processes in this sez_tion by applying the usual
edge conditions and ‘using experimental es tmutes for the neutral and i-npunty influxes, '
We will dlscuss two casee' diffusion o iron ('hlgh Z') and oxygen (* low Z') o )
31 lefusion of Iron - - .- - . . - e . L

We will discuss smmle neoclassical transport of a 'higﬁ-i' .impurity (iron ix; our case)
to investigate the megnitude of anomelous spreading which should be added to the neoclassi-

cal impurity diffusion equatioms to match the exper...mental results,

The impurity transport model is discussed in the Appendix., As an edge conditicn we
will assume that there is no sputtering of the wall by charge exchange neutrals. Further
we will study the plateau phase of d:.scharge, reported by the TFR group[6], sssuming that
there are 2 x lO "3 of iron atoms present initially, distributed uniformly in radius.
We take an initial central demsiiy of 3.5 x 10'5 em™> and & fixed boundary density of 1073

Figure 2 shows the evolution in time of n, . Although the rise of n, 10) in time is
substantial, this effect is due solely to rearrengement of the assumed initial 2 x lO
density; NFe (the totel number of iron atoms) is constant (we have essumed that there is no
sputtering). The rise in central density is not evidence of sputtering by itself, since
the necclassical diffusion;process pushes the original number of impurities into a small
volume, thus substantially increasing the number density without increasing the number.

Figure U shows the time evolution of nFe(O), Z::f(o) and X for various value: of a,
where the anomalous spreading diffusion coefficient is taken to be wp. Choosing @ ~ 0.3
will reproduce the observations, ’ ) N
3.2 Diffusion of Oxyegen ’ ’

We examine the same cese, but naw' using only oxygen. The flow rate ?o ~23x 1015 cm-z
8-1 reported in [ 6] is assumed Tor inflowing oxygen at the edge. Figure 5 {(a-d) shows the
evolution of Te, Jge q,0xygen density profiles'as & function of time. We note thai, as new

oxygen flows in, the rauiative losses cause a strong contraction of tke current chaanel.

The edge T_ drops and, because of the resulting :.nc sese in resistivity, so does ttre

TR iy bt

Aof the expen_ment, the current density must increase elsewhere in the volume. The mag-
netic d@iffusion time is & maximum on e.xis, and so tke behavior shown in Fig. 5 is the
J:esult' -there. results ep off-axis peak in j,(r). The q(r).profile.shows a local ninimum,
-a.nd so ‘the. plasma is suscep‘:.ble to & wide varie y' lrvﬂmﬁ;agf\etic instabilisiesf o
This JAmpl es that our, rad:l.al transpc*t modcl "annot supply an accurate descrizbion-

fast t:.me scale MHD processes w111 surely i‘le.tten the ,] pro*‘ile and produce a orosd shear-r

current density. Slnce the total current is prozra:med to be constant in the plateau phase .

. -

free efntral’ q(r) profile, . _' Do e - : -

. s

The effect of this m:.x:mg process will be to produce a- steaay—state in {,he mpurlty =
balanc‘e - -The turbulent mx:mg wild produce the efflux of. f‘ully Stripped oxygen atcms which

,V:Ls needed 'to oalam:e the -ineoning: lower 1on1zed states. . We-mnoteé that q(O) > 1., - Thus the

conditxox‘s of low shear which &are prov1ded by the hlgh :_mpur:.ty :|.nf1ux 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 Ve In prectice, oot

AR At e eeaen Ve e el L ww
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- - APPENDIX - -~ . . - - T
L - ) . Pa"rticle ‘Balance:- We treat the elec ron balan.ce, using charge neutrality to detemine :
T o the pmtoxrdensjty. o ' T -
T : 19 - < a - .- " =

af N (r,t) T 3r (rNeV) - Ne“o(m')iop * Eyp * }:EEAM =R+ Tieam 1)
-5 Electron Energy Balance:

m T -T
38 12 e_e_p - ¢
2 3t (NeTe) T r ar [r(qq + 2 NeVTe)] 3 mp Te tEJ+R To Pr&v.fl + QIn;] (@)

i

The electron energy balance treats the conduction (qe)’ convection (% NeVTe) , electrun~
proton thermal equilibration, ohmic heating, the source of cold electrors , radiative losses
&and auxillar:, heating. The caleulations for Qs v, E, J, Ra & and QI g are discussed, for
example, by Hoganl[3]. . . s

Proton Energy Balance: -

32 -2 3 Te ___B
S M) = -Fa (g, 2NVT)]+3P T Nl oy (Ty = To)
+Q5 . +RT (3)
Q'Iu:j ]
Field Diffusior: The relevant electromagnetic equations and an Ohm's lew
B_E . 13 '
at " P MY TTrar .
. . (u)
J=E/M+ Iz
GLOSSARY OF TERMS
N_ _: Electron, proton density
e,p
¥: Ambipolar d:ffusicn veloeity (defined below)
NO: _Densijtfr of neutrals ’
(av);,‘or-l:-- Rate of electron impact jonization of neutral H
. Lqypt. - SOUFse Of: ¢lectrons from impurity stripping _ o
- = - - ST . T -7 : RN -
- Toeat Source of eleqt—rons from in:jected beam
A _~5é 3 Electron, proton tempe're.ture“ ; . o - S
) ° - . .
qé—;-iﬁ' -El’ectros-proton- heat flux - Tt DL me wa L N -
b 13 - Tooe S e e ERRTR Ittt . -
ms - Electron, proton masses: - CLe - .
%;p VLI, .,
A ‘Electron-lon scat*ermg tJ.r €, = BJneTz/Z/%thh'le : l\f}‘? U

[ RITRP I & DY R N

(1 Coulomb logarrbhm s

Longitudlnal electric field.

v ele ctron charge)

“Lottgitudins) eursent Qengity - N v

Mean enexrgy of Ho
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Fig. 2

Fig. 3

Fig. }

Fig. 5

- treated by the zero-dimensional code,

- Pure necclassical evolution of the iron density for a TFLE-case,

| FIGURE CAPTIONS

Procebses ocecurring in the volume V are
The only spatial attributes of Vg are -
the.mesn thickness A, defined as the ratio of Vg to the plasma surface &rea,

and ihée ratis of the wall-area to the plasma sufface area. ~This latter

A generalized view of the geometry.

- quantity is not used in the paper, but it is important to studies both of the
‘effects of bellows configurafions and of getterlng. e - .

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

The {z) of

" ions is shown at the top, while the spatial evolution of Npe 8ppears at the

_the boundary,

bottom. The neociassical peaking leads to a sharp rise in central density
withoat an increase in the total number of iron atoms. .

Tﬁe effects are shown of adding in the particle 4iffusion D as an 'anomalous
spreading' in the impurity diffusion. The result of Fig, 3 is reproduced for
= 0, while o = 0.5 produces levels more nearly in accord with cbservation,

Evolution of the discharge with an oxygen flux Y, ~ 2 * 1015;cmf2's'1 at
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, Te profilé peaks
in the center (lower left) while the oxygen level is contrrnlled by the slow

response of I, (lower leit).
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