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ABSTRACT. The two-dimensional effect of plasma flow along the field 

lines in the scrape-off ~one of a poloidal divertor has been modeled 

phenomenologically in a one-dimensional tokamak transport code. Some 

results of the profiles in the scrape-off zone, as well as in the main 

plasma, are given in this paper. These calculations suggest some 

approximations, which have been used to develop a zero-dimensional model 

of the divertor. 

1. INTRODUCTION 

Impurity control in tokamaks appears to be one of the most pressing 

problems in present-day plasma research and the incorporation of a 

divertor is a proposed solution [1-4]. The principle of a divertor is 

to create a region (bounded on one side by a magnetic separatrix and on 

the other by a liner or vacuum chamber) in which the magnetic field 

lines are diverted from the local vicinity of the plasma and are 

channeled into some type of particle collection chamber remote from the 

plasma. This region of diverted field lines has been appropriately 

-+ 
labeled the scrape-off zone. Plasma feeds this zone by diffusion (18) 

1 
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from the plasma core, by ionization of wall and divertor-originated 

neutrals, and in turn leaves the zone mostly by following field lines to 

the collection chamber. In this way, the interaction of charged par

ticles with the liner (a source of impurities) can be reduced. The 

b~ckstreaming of neutrals (and impurities) from the collection chamber 

into the plasma can be kept small by appropriate design but this remains 

to be experimentally verified. Using this assumption of small back

streaming as a working hypothesis, one finds a reduction of the neutral 

population in the plasma boundary. This reduces the bombardment of the 

liner by energetic charge-exchange neutrals. 

Presently there are two operational tokamaks in which divertors 

have been used. The DIVA [5,6] tokamak has a poloidal divertor (it 

diverts the poloidal magnetic field), and the DITE [7] tokamak has 

utilized a bundle divertor (it diverts a flux bundle). Two large 

poloidal divertor experiments - ASDEX [8] and PDX [9,10] are currently 

under construction and a similar size device- (JT-4 r111)- has been 

pl~nned in J~p~n. 

There has been a variety of viewpoints regarding the theoretical 

predictions of the performance of poloidal divertors. Hinton and 

Hazeltine [12] have given a neoclassical treatment based on the assump

tion of hot ions and cold electrons in the scrape-off zone. Boozer [13] 

has started from the two-fluid ~raginskii equations and assumed warm 

electrons and cold ions. This seems appropriate for the FM-1 [14] and 

Wisconsin [15] divertor experiments, but is questionable for large 

tokamaks. A different and somewhat more phenomenological approach has 
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been adopted by other workers [16-19]. In these analyses, the two-

dimensional (2-D) effect of particles flowing along the magnetic field 

lines to the collectors is simulated in a one-dimensional (1-D) model by 

an "absorption" term in the particle continuity equation: 

n 
(1) 

Here r1 is the charged particle flux perpendicular to the magnetic 

surface, and •u is an absorption time constant. According to one's 

prejudices about" the relevant physics in the scrape-off layer, various 

choices for the perpendicular diffusion coefficient D1 (implicit in r1 ) 

and for •u are made. This phenomenological approach has been useful in 

developing an understanding of the consequences of various physics 

assumptions and their relative importance in determining divertor 

operation. 

As a consequence of particle flow to the collectors, the particles 

carry energy away from the scrape-off zone. One anticipates, therefore, 

that the electron and ion temperatures will drop through the scrape-off 

zow:~. Tu t.:(ms.i.uer this effect one needs, in addition to Eq. (1), 

analogous 1-D equations for the electron and ion energy transport •. In 

these equations the energy flow to the collectors is then modeled by an 

"energy absorption" term. An additional physical process, which may be 

important, is the possibility that ions may charge exchange with the 

background neutral gas and thereby produce hot neutral particles which 

strike the wall. Considering all these effects simultaneously leads to 

a very complicated and highly nonlinear set of equations. Furthermore 
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the boundary conditions to be imposed at the separatrix are very much 

dependent on the plasma conditions inside the separatrix surface. 

Consequently, one must resort to numerical techniques and solve the 

equations for the scrape-off zone simultaneously with the equations for 

the interior plasma. 

The above approach was adopted in the work reported here. We took 

a tokamak simulation code [20,21], which was based on the code developed 

at Oak Ridge National Laboratory [22], and assigned some of the mesh 

points to the scrape-off zone. In this zone the finite-difference 

transport equations are modified to include particle and energy absorp

tion terms. The perpendicular transport in the scrape-off layer is 

assumed to be Bohm-like but with a variable coefficient. The remaining 

mesh poin.ts are assigned to the interior plasma and treated in the usual 

way (pseudoclassical, neoclassical, and/or trapped-particle transport 

coefficients depending on the collisionality of the plasma). Ionization 

and charge exchange of neutral particles are also treated, but impurities 

are neglected. The code determines the temporal evolution of the plasma 

density, temperatures, and neutral density profiles in the interior zone 

and in the scrape-off zone, starting from a given set of initial con

ditions. 

In this paper we describe the treatment of the scrape-off layer, 

discuss in some detail the transport equations which are solved numer

cially, arid then present some results for reactor- and ASDEX/PDX-size 

devices. Finally, we present a simplified zero-dimensional (0-D) model 

using approximations suggested by the 1-D numerical result. 

.... 
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2. SCRAPE-OFF LAYER 

The processes of cross-field diffusion and parallel transport in 

the.scrape-off layer of a poloidal divertor.are 2-D. The multifluid 

computer codes available are 1-D (the radius in cylindrical coordinates). 

Hence some assumptions need to be made to reduce the 2-D problem to a 

1-D one. This is done by the replacement 

(2) 

rll nVII n 
-=--=-
L L 'II 

r > r . separatr·lx 

(3) 

0 r < r . separatr1x 

-+ where r is the particle flux. Here L is the magnetic field.line length 

from the midplane to the divertor throat and can be a function of r. 

The r~placement v
11 

• r
11 

-+ r
11 

/L can be thought of as arising from an 

averaging of v
11 

• r
11 

along the field line: 

1 
L(r) 

~ -+--
L(r) 

since rll (at s = 0) 

r
11 

[L(r)] 

L(r) 

0 by symmetry. 

(4) 



rll = 

We choose r 11 (L) to be 

+a> 

ff dv dv 
X 

-oo 

n(r)L(r) 
'II (r) 

fooo dv v f. (v) y z z ]. 

6 

kT. (r) 
n(r) 

]. 

21Tmi 

(5) 

if Ti > Te. Equation C>) also serves to detine 1TII (r). The tlux given 

in Eq. (5) is the random flux assuming a Maxwellian plasma of density n 

and temperature T .. If we were to have T > T., then it would be more 
l. e l. 

appropriate to have r z nC
8

, where C
8 

is the ion sound speech, as is 

well-known from probe theory in cold-ion plasmas [23]. In the calcula-

tion presented here, this case does not arise. 

For the ion energy flux along the magnetic field, we find 

+a> 

Jf 
-00 

dv 
X 

dv 
y 

dv .!. m.v2v £. 
:.:. 2 J. z 1 

( 6) 

By requiring the net electrical current at the collector plates to be 

zero, one can solve for v , the electron velocity above which electrons 
max 

are collected by the plate. Using this, one finds for the electron flux 

ff 
-oo 

dv 
X 

dv J 
00 

y v 
max 

nv 
1
2 m v 2v f · z · e z e 

(7) 
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where 

l+!!l.n(miTe) y - 4 m T. 

v 
max 

e ~ 

7 

The factor y (~2.9 in hydrogen for T. = T ) incorporates the effect of 
~ e 

an electrostatic sheath at the collector plates, which reflect most 

electrons back into the plasma. Only electrons with energy greater than 

the sheath potential are collected; consequent.ly, the average energy 

lost per collected electron is much greater than 2kT • ,(The effects of 
e 

secondary electron emission can easily be includ~d [24], but have been 

left out of Eq. (7) for simplicity.) 

i e 
An assumption made in these choices for r

11 
, Q

11 
, and Qll is that the 

distribution function remains substantially Maxwellian along the magnetic 

field in the scrape-off zone. More specifically, no benefit is given to 

possible trapping of particles in local magnetic mirrors, which are 

present in the outside divertor of an UWMAK/ASDEX-type double-null 

divertor. This possibility has been discussed by Mense, Emmert, and 

Callen [25] and discounted on the basis of various mirror microinsta-

bilities, which are likely to arise and destroy magnetic trapping by 

enhanced scatterj_ng into the loss cone. Of course the distribution 

function can't be true Maxwellian, or else there would be no free-energy 

source for the microinstabilities. The net effect, however, is to cause 

'II to be better approximated by the free-steaming valve- Eq. (5) -and 

then by the time scale for collisional scattering into the loss cone. 



8 

The cross-field diffusion will be assumed to be Bohm-like, 

(8) 

kT 
e 

F 16eB (9) 

where F is an arbitrary factor and F = 1 is full-Bohm diffusion. This 

choice reflects a belief that low-frequency turbulence (say drift waves) 

may be present in the divertor because of the strong gradients in n 

and T, and thereby cause Bohm~like scaling of n1 • One might also look 

at this as determining the consequences of what is generally agreed to 

be the most pessimistic choice for n1 , namely Bohm diffusion. It should 

be noted that this model for cross-field diffusion is locally ambipolar 

(r1 i = r1 e), and consequently, the parallel flow is also locally ambi

polar. This is contrary to the work of Boozer [13], who found that the 

flow is locally nonambipolar. Th{s result, however, is a consequence of 

his model (two-fluid Braginskii equations with T. = 0) and ordering 
1 

assumptions. Therefore, his results cannot be applied outside that 

model.· 

3. TRANSPORT EQUATIONS 

The tokamak discharge is represented by a set of time-dependent 

transport equations for electrons and ions in cylindrical geometry with 

spatial dependence admitted in the radial direction. Equilibrium 

solutions are found by evolving these coupled equations until the 

average plasma parameters and profiles remain sensibly constant. 
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The equations to be solved include ion and electron power balance 

equations, the diffusion equation for the ion density, Faraday's law, 

Ampere's law; a simplifie~ Ohm's law, and a charge neutrality equation. 

These equations may be written as follows. 

an. 
~ 

1 a 1 

-at= - r ar (rniVi) + neno<dv>IZ- 2 nf<ov>DT 

a 
at 

a 
at 

3 -
2 

n.T. 
~ ~ 

3 -nT 2 e e 

aB aE 
_P=at ar. 

aJ 1 1 a ( aE) "5t=IJOrar rar: 

E 

n 
e 

n. + 2n 
~ a + L 

j 

1 a 
n.T. --a (rVi) 
~ ~ r r 

+ p . + Pb. + p . - p 
e~ . ~ a~ ex 

- p . + pn + pb + p 
e~ ·~~ e ae 

11 .z. 
ZJ J 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

L 
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T (') is the electron (ion) temperature, B is the poloidal 
e' l. p 

magnetic field, ne,(i) is the electron (ion) density, n0 is neutral atom 

density, ~ is beam density, vi,(e) is the ion (electron) radial dif

fusion velocity, vb is the energetic beam velocity, J is the toroidal 

current density, E is the toroidal electric field, nil is neoclassical 

resistivity, r is the radial coordinate, t is time, Qjr is the thermal 

conduction of the jth species, Pei is the electron-ion equilibration, 

P · is the beam (alpha) power delivered to the ion (electron) 
b (a), i(e) 

population, P
8

x is the power loss due to charge exchange, Pn is the 

ohmic heating power, <ov>DT is the fusion rate for background plasma, 

PRAD is the power loss by electromagnetic radiation, PIZ is power loss 

due to ionization of neutrals including impurities (which does not 

appear in PRAD), 
Qi, (e) 

II is ion (electron) energy flux parallel to field 

lines in the scrape-off zone, rll is the particle flux parallel to the 

. 
field lines in the scrape-off zone, ~ is the net rate of density 

increase due to neutral beam injection, and S (r,t) is the plasma source 
p 

due to pellet injection. These equations and the transport codes based 

on them have been discussed in more detail by Hogan ·[26] and Duchs. [27]. 

In addition to the above equations, the steady-state Baltzmann transport 

equation for neutrals is solved to give no(r). The differential equa-

tions for the plasma behavior are solved using a Crank-Nicholson method 

[28] in which ehc differential equations arc linearized (in time) and 

transformed into an implicit set of difference equations [29,30]. 
~ 

The transport coefficients used to compute V. ( )' Q. () are 1.,e 1,P.r 

treated implicitly and are assumed to vary in functional form as the 

plasma changes in collisionality. In the calculations reported here, 
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the theoretical predictions of microinstability theory [21] (in the form 

of the so-called five-regime model [31]) have been used. In the divertor 

zone Bohm-type diffusion has been assumed. The estimated transport 

coefficients are admittedly only order-of-magnitude estimates, but the 

assumption is that even rapid diffusion (as predicted by these theories) 

can provide only a pessimistic model. 

Heating of the plasma by 3.5-MeV alpha particles produced from D-T 

fusions has been i~cluded wi'th the assumptions that the energy is 

deposited in the plasma instantaneously and on the same flux surface 

where.the alpha particles are born. (The inclusion of finite-alpha 

slowing down does not influence the equilibria which we find here.) 

This is reasonable in a large fusion device unless anomalous alpha loss 

mechanisms are present. The profile of the alphas within the plasma is 

obtained by a solution of a diffusion equation, which uses the same 

transport coefficient as the ions. The rethermalization term, P ., and 
e~ 

the fast-ion slowing-down terms ·are evalua-ted on the assumption that 

these processes are classical. 

As the central purpose of these calculations is to discern the sole 

effect of our divertor model, the effects of impurities on the plasma 

behavior have been neglected. 

4. BOUNDARY CONDITIONS 

The previous sections describe the treatment of the scrape-off zone 

and the transport code. To' complete the specification of the problem, 

we must impose boundary conditions at the wall. Built into the code are 
'I 
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the conditions at the center (all fluxes are equal to zero) and the 

requirement that the fluxes be continuous across the separatrix. The 

usual procedure in tokamak transport codes is to impose values for n, 

T., T at the "edge" (in our case, the wall). Fortunately, the presence 
l. e 

of sink terms in the scrape-off zone reduces the influence of the wall-

boundary conditions on the density and temperature profiles away from 

* the wall. If the divertor has a high-unload efficiency, then the flux 

of particles and energy to the wall is smaii, and the wall is effectively 

decoupled from the interior plasma. If one chooses too high a value for 

the boundary density (for example), one obtains an inverted density 

profile (dn/dr > 0) near the wall; the wall acts as a source of charged 

particles which become "absorbed" in the scrape-off zone. This inverted 

profile, .which is unphysical, can be removed by reducing the boundary 

density. Then the procedure is to choose boundary values for n, T., T 
l. e 

which are low enough to avoid inverted profiles near the wall; the 

profiles in the interior plasma and in the bulk of the scrape-off zone 

become insensitive to further reduction in the boundary values. This 

procedure was used in the calculations presented here. 

5. NUMERICAL RESULTS 

In order to study some of the implications of this divertor model, 

three tokamak devices were numerically modeled. Those chosen were 

UWMAK-II [32] and UWMAK-III [33], which are conceptual reactor designs, 

* This does not preclude it from simultaneously having a good 
shielding efficiency. 



13 

and a smaller device characteristic of the ASDEX/PDX size. For all the 

calculations reported here, a cold ion refueling profile of the form 

S(r) = S [1 - C(r/a) 2 ] was used. For the UWMAK studies we used C = 0.5 
0 

and for the ASDEX/PDX studies, C = 0. In all cases, the refueling is 

only in the main plasma (r <a) and not in the. scrape-off zone (r >a). 

A density feedback control algorithm was used to ad.i'rst the value of 5
0 

in order to maintain a prescribed average density in the plasma. In 

addition to this source, 10% of the plasma collected by the divertor was 

recycled into the main confinement chamber as wall-originated, 5-eV 

neutrals. 

5.1 UWAMK-II 

This is a large conceptual reactor design (major radius of 13 m, 

minor radius. of 5 m) with a nominal thermal power output of 5000 MW. 

The basic parameters are given in Table I. The cross-field transport in 

the scrape-off zone was assumed to be Bohm [see Eq. (9)]. The steady-

state profiles of n , T., and T in the main plasma and in the scrape-
e ~· e 

off zone are shown in Figs 1-3. We see in Fig. 1 that the separatrix 

density is quite small, but also that it is broad enough so that the 

neutral density is sharply attenuated in the scrape-off zone. Con-

sequently, the charge-exchange neutral flux hitting the wall has an 

energy spectrum reflecting the ion temperature in the scrape-off zone. 

T. at the separatrix (Fig. 3) tends to be high·because of the low 
~ 

density there. We also see in Fig. 3 the sharp drop of the electron 
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temperature in the scrape-off zone. This is because of the sheath 

potential effect on Q~, as noted in Section 2. 

In this calculation, the line integral of the electron density 

through the scrape-off zone is sufficient to shield impurities from the 

main plasma. Given an isotropic source of 20-eV carbon impurities 

leaving the wall, 95% will be ionized in the scrape-off zone. The 

probability of the impurity ion then diffusing into the main plasma 

before bei~g captured by the divertor collection chambers is a separate 

problem requiring more knowledge about impurity transport. 

Shown also in Fig. 3 are the alpha density and production rate. 

Note that about 90% of the 3,5-MeV alpha p~rticl~s g~e bo~n within 2 m 

of the center. Energetic alpha particles on large banana orbits inter

secting the wall do not present a problem in this size device because so 

few alpha particles are born near the edge. Furthermore, fluctuations 

of the "edge" density and temperature do not cause power fluctuations. 

This has been confirmed recently in discrete pellet in;ection Galcula

tiun3 [34]. 

5.2 UWMAK-III 

This reactor design is a smaller (but vertically elongated) and 

high power density version of UWMAK-II. The basic parameters are also 

given in Table I. In the 1-D transport code, it is modeled as having 

circular cross section with an effective radius aeff = v'ab. However the 

transport coefficients incorporate, to some extent, the effect of 

vertical elongation. The steady-state profiles of n, Ti, Te are shown 
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in Figs 4-6. The results are much the same as for the UWMAK-II cal

culation. In Figs 4 and 6 we show explicitly the effect of neutral 

particle recyling on the plasma density and ion temperature in the 

scrape-off zone. The effect is substantial, especially on the ion 

temperature. 

5.3 ASDEX/PDX-SIZE DEVICE 

Finally, we have performed calculations simulating a poloidal 

divertor in an ASDEX/PDX-size device. These calculations were done in 

the same manner as the UWMAK calculations but using a different-code, 

the WHIST code [35,21]. This code is an offshoot of the first one. The 

WHIST code has the advantage of allowing one to use a nonuniform spatial 

mesh. We could then use a finer mesh in the scrape-off zone, where the 

gradients are strong, without a large increase in the total number of 

mesh points or in the comput~tion time. It also has the advantage of 

being written with a variable implicit factor. A gain in numerical 

stability can be obtained by using a fully implicit procedure rather 

than the Crank-Nicolson. This causes some loss of accuracy in a tran

sient state, but the equilibrium profiles are virtually the same [35,21]. 

The version of the WHIST code used has no equation for diffusion of the 

poloidal magnetic field; instead the current density profile is pre

scribed. We used J(r) = ·Jo[l - (r/a) 2 ]2. 

The basic parameters used are given in Table 11. The diffusion 

coefficient in the scrape-off zone was taken to be equal to the full 

Bohm value. Neutral particles were not included, but a source of cold 
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ions (perhaps due to fueling via pellets or cluster injection) was 

included to hold the average density constant. The profile for the cold 

ion source was chosen to be uniform over the plasma inside the separatrix 

and zero outside. No auxiliary heating was used. Shown in Figs 7 and 8 

are the density and temperature profiles in the interior zone and in the 

scrape-off zone. The results are qualitatively the same as for the 

reactor cases, although the density at the separatrix and its integral 

(j"n dx ~ 1.5 x 1012 ) across the scrape-off layer are much lower. An 

interesting result is that, because of the divertor, the plasma spans 

all the collisionality regimes (fo.r trapped particle instabilities [21]) 

between the centerline and the separatrix. The low value for the line 

integral of n(r) in the scrape-off zone implies that there will be no 

shielding of the interior plasma from incident impurities by the scrape

off plasma. One can get shielding if the average density is much higher 

or if the refueling source is peaked near the edge. As a final note one 

must address numerical problems. 

A ditticulty in all ot these calculations is that the time constant 

for flow into the divertor is much shorter than the time constant for 

the transport processes in the main plasma. As a consequence the scrape

off plasma is in a state of quasi-equilibrium with respect to the main 

plasma. The numerical procedure used, however, treats both zones equally 

as an initial-valued problem. Consequently the time step is, to some 

extent, limited by the short time scale for the scrape-off zone. Other 

techniques, suitable for handling "stiff" equations, may be superior to 

the approach used here. 
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6. A ZERO-DIMENSIONAL.DIVERTOR MODEL 

From the 1-D analY,sis just described one notes a number of general 

features, particularly in the reactor cases (UWMAK-II and -III). These 

observations which are listed below have lead to the development of a 

useful 0-D divertor model. The important features which need to be 

considered are: 

.(1) The charged-particle flux at the wall is negligible in comparison 

to the ion flux crossing the separatrix. 

(2) The energetic particles bombarding the wall are primarily charge-

exchange neutral particles. 

(3) The cold neutral particle density at the separatrix is negligible 

in comparison to the cold neutral density at the wall; marginally 

satisfied in the ASDEX/PDX case. 

. ' 
(4) The energetic neutrals that reach the wall are "born" primarily 

jn the scrape-off zone. 

These four observations are not all independent. Statement 2 is a 

consequence of 1, and statement 4 is a consequence of 3. Th~se obser-

vations seem to be general properties of large divertor tokamaks and 

are not highly dependent on the particular assumptions about the tr~nsport 

processes. Therefore, we are led to consider them to be "universal" 

and treat them as "axioms" on which to base our.model. 

The observations 1 through 4 suggest that the scrape-off layer acts 

as a boundary layer for neutral particles. Backstreaming of cold neutrals 

from the collection chambers produces a cold neutral population. The 
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loss mechanism which balances the neutral source is ionization. Charge 

exchange of entering neutrals produces a hot neutral population and 

determines the energetic particle flux bombarding the wall. 

We use a slab model for the scrape-off zone. The separatrix is at 

x = 0, and the wall is at x = d. The neutral particles are placed in 

two energy groups: "cold" (with temperature To) and "hot" (with temper-

ature equal to the ion temperature T., where they are born). The "c.old" 
J. 

temperature T0 can be taken to be the.Franck-Condon energy, although we 

need not specify it as long as T
0 
~ Ti. The plasma density n, ion 

temperature T., electron temperature T , and the cold neutral density n 
J. e c 

are assumed to satisfy the following·conservation equations. 

ar 
ax 

ar 

!:!:.__ + nn <av> 
'II c IZ 

c -nn <ov> ~ = c TOT 

aQ. 
J. ax=-

aq 
e 

ax 

y.nT. 
1 1

- 2aaEnn <ov> T. 
'II c ex J. 

y nT 
e e 

Here r and r are the flux of ions and cold neutrals, respectively, 
c 

(17) 

(18) 

(19) 

(20) 

whereas Q. and Q are the ion and electron energy fluxes. The reaction 
J. e 

rates for ionization and charge exchange are <ov>12 and <ov>cx' respec-

tively, and <ov> = <ov> + <ov> • In Eq. (17) we neglected ion-TOT IZ ex 

ization of hot neutrals since n(hot) ~ nc' at least near the boundary. 
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The first terms on the right side of Eqs (19) and (20) represent energy 

flow to the particle collectors. The coefficients y. andy are dependent 
1 e 

on the parallel tra~sport processes assumed to be present. The second 

term on the r·ight ·Side 'of Eq. (19) represents the flow to the wall due 

to charge exchange in ·.the scrape-off zone. Here 1 - a.E is the energy 

reflection coefficient [36], and a. has the following meaning- "For each 

first generation hot neutral produced in the plasma, a. hot neutrals 

eventually escape and strike the wall." A two generation approximation 

for a. is 

1 { 1 ·H H } a.= 2 1 + 2 [1/1 + (<crv>12)/(<crv>cx)] (21) 

In Eq. (21) the reaction rates are evaluated at T(neutral) = Ti, whereas 

in Eqs (17)-(19) the reaction iates are .for the cold neutrals. 

In.accordance with our "axioms" 1-4, we impose the .follow:j.ng 

boundary conditions on Eqs (~7)-(20). 

x = o: r r(O) , Qi Q.(O) 'Q 
1 e 

Q (O) , r 
e c 

0 (22) 

][ -:- ds r 

r (d) 
c 

d 
-R fo n dx - a. r (hot) 

'II P 
(23) 

where f(hot) is the hot neutral flux incident on the wall and 1 - a. is 
p 

the particle reflection coefficient at the wall [36]. r(hot) is given 

by 
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r(hot) "'fod = .... nn <av> 
c ex dx (24) 

In Eq. (23) the first te~~ on the right describes the effect of neutral 

gas backstreaming from the collection chambers, regarded as a particle 

source at the boundary. One can also treat it as a distributed volume 

source in Eq. (18). It is easy to show that there is no difference 

between these two approaches within the context of this analysis. 

The temperature dependence in Eqs (17)-(24) occurs implicitly in 

<ov> as well as explicitly. Fortunately the dependence of <av> on 

temperature is not strong for the values of interest. Hence we replace 

T. and T in <av> by spatial averages <T.> and <T >, to be defined 
1. e ·" 1. e 

later. With this approximation, we integrate Eqs (17) and (18) from 

x = 0 to x = d and apply the boundary conditions of Eqs (22)-(24) to get 

D 

nn 
c 

1 -

r (hot) 

dx = 
Rf(O) 

<rrv>TOTD 

<ov> 
ex - R a a 

<av>TOT p 

a.Rf(O) ...::av/ 
ex 

D <av>TOT 

<CJv> 
IZ 

<av>TOT 

fd .!!__ dx r(o)(r+ R<<tv>IZ ) 

0 'II D<av>TOT 

(25) 

(26) 

(27) 

(28) 
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The second term. on the right side in Eq •. ·(19) is of order R, compared 

with the first term. If the recycling coefficient R is small (say 

'Vl0- 1), then the secondterm is not very important, and we can replace 

. T1 in it by <Ti> •. We can now·integrate Eq. (19) from x = 0 to x = d and 

use Eq. (25) to obtain 

Q. (0) 
l. 

d 

J 
y.nT 

= 
0 
~ dx + 

We now define 

J 
d 

(nT/•u) dx 
0 

<T.> 
d l. 

~ (n/LII) dx 

~nd use Eq. (28) to get 

<T.> 
l. 

Rr(O) 

I~tegrating Eq. (20) and using Eq. (28) gives 

<T > 
e 

Recall that the reaction rates are evaluated with T. replaced by l.,e 

(29) 

(30) 

(31) 

<T. >. Hence Eqs (30) an~ (31) are to be solved simul.tane'ously for 
l.,e 

<T.> and <T >. Since R is presumably small, this can be done rather 
l. e 

easily in an iterative fashion. 
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Given the solutions for <T.> and <T >,we can compute the hot charge-
1. e 

exchange neutral particle flux at the wall from Eq. (27); we also assign 

the temperature <T.> to these neutrals. It is interesting to note that 
]_ 

these results are independent of the mechanism for cross-field ion 

transport in the scrape-off zone (as long as "axio~ 1" is not violated). 

The results are only weakly dependent on the parallel transport mechanism 

through the coefficients y. andy . 
l. e 

The remaining parameter of interest is the effectiveness of the 

scrape-off layer plasma ·in ionizing wall-originated impurities. The 

probability P of an impurity atom traversing the scrape-off layer 

without ionization depends on the parameter a, 

<crv>. d 
a = --""--1m~p._ f n dx 

vo 0 

where <crv>. is the ionization rate and vo is the velocity of the I.mp 

impurity atom. The probability P also depends on the angular velocity 

~a f distribution ot the incident atoms. For normal incidence P = e , or 

a cosine distribution P = 2 E3(a), and for an isotropic distribution 

P = E2(a), where E2 and E3 are the exponential integrals [37]. Hence we 

needjd n dx to evaluate P. Unfortunately our analysis only gives us 
0 

fad nh
11 

dx. We need to specify a model for -r
11 

and then estimate a mean 

value for -r
11 

• Hence 

n dx ~ -r
11 

n dx - Til r(O) (1 + ~<~v>I~) 
Til D<av>TO'l' 

(J2) 
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For the ion-sound model with T. > T 
1 e 

(33) 

where L is the field line length and M. is the ion mass. The dominant 
1 

contribution to j
0 
d n dx is 'II r (0) and has been obtained· earlier by 

Keilhacker [8]. The second term on the right side of Eq. (27) represents 

the increase in Jd n dx due to ionization of neutral atoms. This is an 
. 0 

effect of order R and hence is small. It is small even if R ~ 1, since 

D ~ 0.5 and <crv>IZ ~ <crv>TOT for temperatures anticipated in the scrape

off zone. 

It is worthwhile to repeat some of the assumptions on which this 

model is based. We have used some observations from numerical calcula-

tions as a bas,is for our model. In these, the as·surnption most question-

able for divertor tokarnaks of ASDEX/PDX size is that the scrape-off 

layer plasma is opaque to cold neutrals. If this assumption is not 

true, we can define a distance A (measured f~orn the s~paratrix) beyond 

which few cold neutrals penetrate~ If A is not too large, we can apply 

our analysis to the zone -A < x < d and define 'II = co for -A < x < 0. 

The results are formally identical except that r(O) + r(-A) ""' r(O) and 

Q(O) + Q(~A) ""'Q(O). 

ion ene,rgy equation. 

In this case, the weakest element is probably the 

Our definition of <T.> gives us a value near the 
1 

separatrix. temperature, whereas the charge-exchange neutrals are now 

corning from deeper within the plasma and therefore have T greater than 

<T.>. This model then underestimates the temperature of the charge-
1 

exchange neutrals striking the wall. This, however, has only a minor 
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effect on the flux r(hot), since the cross sections are relatively 

insensitive toT .. 
~ 

A second limitation is that we have neglected the ionization of hot 

neutrals in the scrape-off zone. This becomes more important in larger 

tokarnaks, especially if we can make Til longer than that given by the 

ion-sound model. This effect produces a correction of order R in <T.> 
~ 

and J
0 
d n/Til dx and of order R2 in r(hot), and thus becomes more im-

portant with increased recycling. Generalizing the model to consider 

this is nontrivial, however, and is not considered here. 

As a check on the above analysis we compare its predictions with 

the results from the more detailed 1-D calculations. This is shown in 

Table I for the UWMAK-II and -III cases. For these calculations, the 

ion-sound model for Til .has been used. The values listed above for 

<T.> using the 1-D calculations are actually the ion temperature at the 
~ 

separatrix. Because of the density weighting factor in Eq. (14), <T.> 
~ 

is close to, but less than~ the separatrix temperature. The agreement 

for <T.> and r(hot)/r(O) is good. The agreement between the 1-D and 
~ 

0-D calculations of J n dx is also considered good. In Eq. (32) the 

term involving the ionization of neutrals is small. Hence the disagree-

ment between the 0-D and 1-D results has to be attributed to the estima-

tion of Til. The 1-D code uses a variable L(r) obtained from a magnetic 

field code. In the U-D estimate ot Til [Eq. (33) J a single value of L, 

typical of what an ion experiences in the scrape-off zone, is used. 

Since L(r) is singular at the separatrix and also the density is greatest 

there, a disagreement by a factor of two between the 0-D and 1-D results 

is not surprising~ 
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The primary factor determining the hot charge-exchange flux at the 

wall is the recycling coefficient R. In the above results, the value 

R = 0.1 has been used for computational purposes. We have made no 

attempt to estimate R for a specific design, so the numerical values 

for r(hot) presented here are not to be taken literally. The scaling of 

f(hot) with R from this model is clear; however, reducing R reduces 

f(hot). This· conclusion can be modified, however, depending on the 

refueling mechanism used to maintain constant density. if the refueling 

mechanism introduces a large number of neutrals into the scrape-off 

layer, then this will increase f(hot). This has been considered to some 

extent by Haas and Keilhacker [8] for ASDEX. 

7. SUMMARY 

The inclusion of the effect of flow along the field line in the 

scrape-off zone as absorption terms in a 1-D tokamak fluid transport 

code provides a useful tool for study:i.ng the effect of the dive.rtor on 

the main plasma and on.the plasma-wall interaction. We have presented 

some results where the refueling is·spread over the plasma cross section 

and the neutral gas recycle from the collection chambers is low. The 

numerical results have been used as a basis on which to formulate a 0-D 

model of the divertor, which includes the neutral gas interaction as a 

dominant process. This model shows good agreement with the numerical 

results and is suitable for coupling with global models for the main 

plasma. 
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TABLE I. PARAMETERS OF THE DEVICES 

UWMAK-II UWMAK-III ASDEX/PDX/JT-4 

Major radius (m) 13 8.1 1.65 

Minor radius (m) 5 2.7a 0.40 

Vertical elongation (b/a) 1 2 1 

Plasma current (MA) 13 15.6 0.45 

Toroidal f:i.eld (kG) 36 40 28 

Working gas D-T D-T H 

Average density 5 X 1013 9 X 10 13 4.2 X 1013 

aHorizontal. 
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TABLE II. COMPARISON OF 0-D and 1-D CALCULATIONS 

Design 1-D 0-D 

<T.> (keV) UWMAK-II 4 3.1 
1 

UWMAK-III 3.4 3.2 

r(hot)/r(O) UWMAK-II 0.04 0.12 

UWMAK-III 0.14 0.12 

Ju d n dx (cm- 2) UWMAK-II 1.2x 1013 6.3 X 1012 

lJWMAK-III 2.6 X 1013 1.2x l o13 
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FIGURE CAPTIONS 

FIG. 1. UWMAK-II density profile, neutral profile, and carbon impurity 

deposition profile. 

FIG. 2. Profile of origin of charge-exchange neutral flux incident 

onto first wall. Shielding efficiency, n , is 95% for 20 eV 
. z 

carbon atoms. 

FIG. 3. Temperature profiles for UWMAK-II. Alpha particle birth 

profile and ·equilibrium density profile. 

FIG. 4. UWMAK-III density profile. Note the effect of recycling 10% 

of divertor collected plasma back to main plasma as wall 

originated neutrals. 

FIG. 5. Origin of charge-exchange flux in UWMAK-III. 

FIG. 6. Temperature profiles in UWMAK-III. Note effect of 10% neutral 

recycling. 

FIG. 7. Density profiles for experimental device. Note that the 

assumed cold fuel fueling profile was taken to be a constant 

across plasma volume. 

FIG. 8. Temperature profile for experimental device. 
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