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ABSTRACT

Recent progress in models for poloidal divertors has both helped to
explain current divertor experiments and contrituted significant’y to design
efforts for future large tokamak (INTOR, etc.) divertor systems. ~“hese models
range In sophistication from zero-dimensional treatments and dimensional
analysis to two-dimensional models for plasma and neutral particle transport
which include a wide variety of atomic and molecular processea as well as
detalled treatments of the plasma-wall interaction. This paper presents a
brief review of some of these models, describing the physics and
approximations involved in each model. We discuss the wide variety of physics
necesgsary for a comprehensive description of poloidal divertors. To
illustrate the progress in models for poloidal divertors, we discuss some of

our recent work as typical examples of the kinds of calculations being done.

*Presented at the Fifth International Conference on Plasma Surface
Interactions, Gatlinburg, Tennesseé, May 3-7, 1982,
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I. INTRODUCTION

Divertors have long been proposed and tried for fmpurity control and
pumping of tokamaks and stellarators [1-3]. The operation of a divertor is
gimple in concept. The plasma is diverted from the plasma edge by 2 coil
which carries & current parallel to the plasma current (Fig. 1). At a null
point between the coil and the plasma center, the poloidal fleld is zera.
Plasma outside of this null point flows in the flux surface that encircles
both the coil and the main plasma and éan thus be diverted away from the main
plasma.

In the divertor chamber (Fig. 2), the plasma flows along the field lines
until it strikes the neutralizer plate. The fons and electrons recombine on
the plate and are emitted from the plate as neutral atoms or molecules. These
neutral particles then travel back down the divertor channel or pumping
system, volliding with the walls and the plasma. Although previous reactor
designs had considered poloidal divertors [4,5], the recent INTOR studies have
helped focus attention on them [6]}.

A large fusion experiment such as INTOR will have a fusion yield of 500
megawatte and contain roughly 2 x 1022 particles with a purticle confinement
of roughly 0.l1-1 geconds. It wiil thus produce a thermal flux to the first
wall and divertor or limiter of 100 megawatts. This heat must be removed from
the system without causing serious impurity problems in the plasma, or causing
excessive erosion of the first wall and other material structures exposed to
the plaswa. Five—~hundred megawatts of fusion yield implies & helium
production of 2 x 1920 atoms/sec which has to be removed if the experiment is
to last longer than a few seconds. The removal of thia helium ash has to be

accomylighed with reasonably sized pumping systeme snd with minimum pumping of

tritium,
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Using simple sheath theory [7], we can make naive estimates of the edge
plasma parameters which indicate the nature of these problems ond their
implications for the design of large fusion experiments. Assuming the edge
plasma is transparent to neutrals and that all of the particles a;xd heat are
exhausted along field lines into a limiter or divertor, the heat flux Q, and
particle flux T at the edge can be written as Q ~ 8nvgTA, T ~ uvpA, where vp
is the flow velocity (~ vT/M sin « where @ is the shallow angle the field
lines make with the ueutralizing surface, T 1s the temperature, and M is the
ion mass), n is the electron demsity, the factor eight comes from assuming no
secondary electron emission and equal ion and electron temperatures, and A 1is
the collecting area. Assuming a toroidal collecting limiter or divertor with
a2 30 cm width {2) and a plasma major vadius of 500 cm, A = 27RR ~ 105cm2.
These conditions yleld an edge temperature of T = (Q/8T'). Writing I = N/7,
where N 18 ‘the number of particles in the discharge (2 x 1022 for INTOR) and <
is the overall particle confinement time, we have T = Qt/8N ~ 4000 eV x T,
For a © of 200 milliseconds, T ~ 800 eV, and n = 4 x 10'len™>. The erosion
rates associated with these edge cond:lt:l‘ons (a sheath potential of ~ 2.5 keV)
are large, 11 cm/year for iren neutralizer plates. In addition, simple
" considerations of the pumping speed required to exhaust the helium (which
might be allowed to build up to ~ 5% of the plasma density) Indicates that
massive pumping systems of the order of 107x/sec would be needed.

The difficulty of designing 1072/Bec pumping systemgs and of finding
materials with gputtering yilelds in the 1078 o 1074 range provides an
enormous incentive to try to change the plasma edge conditions ao that the
particle energies in the divertor chamber are below the sputtering thresholds
of normal materials and reasonably sized pumping systems in the 105£/sec range

can be used. This has led to attempis to model the plasma and neutral
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transport in divertors and near limiters to explore ways to produce a coolér,

denser edge.

II. OVERVIEW OF PHYSICS

A reasonable model for trangport in the plasma edge invoives a large
number of diverse physical processes (Fig. 3). The basic picture is that loms
and electrons flow out both across the flux surfaces as well as along the
field lines. The ions and electrons recombine largely at a neutralizer plate
or limiter and re-enter the plasma as neutrals. The neutral atoms and
molecules transport through the plasma reflecting from the walls and
undergoing charge exchange and ifonizing collisions. Impurities are produced
from the walls by sputtering, arcing, vaporization, chemical erosion,
desorption, etc. The first requirement is for a set of equations to describe
the transport of the edge plasma both along the field 1lines and normal to
them.

Zero—-dimensional, one-dimeqsional, and two-dimensional nodels have been
constructed. The zero-dimensional models [9-11] iiclude a wide variety of
atomic and molecular processes and have been used for plasma breakdown

calculations as well. The equations are of the form of

of f £

= - - 13
ot T T

where f 4s either a particle or energy density in the edge, S is a source

term, such as ionization, recombination, or charge exchange, 1l is a parallel

loss time, and T is a perpendicular loss time. Such models have been useful

because of their simplicity and because one can easily include a wide variety

of processes. They huve been especially useful in modeling ion sources for



neutral beams [12] and tokamak start up [9,10].
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The next level of sophistication involves a generalization to replace the
perpendicular part of Eq. (1) with a one-dimensional equation for the
perpendicular transport. This is usually dome [13-15] in the ct;mtext of a
conventional one-dimensional tokamak transport code [16,17], where the

‘transport equations are of the form

K
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where n and € are the plasma and plasma energy densities, I' and Q | are the

1

perpendicular particle and energy fluxes, S, and SE are the respective

sources, and T and T, are the respective parallel loss terms. The parallel

loss terms are used only on those field lines that intersect a limiter or

divertor. Steady—state analytic models of this form have also been

constructed [18,19].

These models and variants of them have been useful in defining the
expected conditions of a limiter scrapeoff or diverted edge plasma. They form :

a natural set of boundary conditions at thz edge for one~dimensional transport

codes. Applying these models to examine the expected edge conditions for .
INTOR produces estimates of T, ~ 100-200 eV, T ~ 100-300 eV, and n, ~ 2 x
1012 to 10]'3cu1‘-3 (Fig. 4).

An alternate approach to one—dimensional models has been to replace the I
parallel loss terms with transport tem' to describe the parallel flow of I
particles and energy vand ignore or keep a model like that of Eg. (1) for the

perpendicular transport [20-24]. One of the major uses of these models has



been in the analysis of very cool diverted plasmas, where large temperature
and density gradients are observed along the field lines near the divertor.
Although the zero and one~dimensional models have prdved useful, the
density and temperature profiles of the edge plasma are determined by the
roughly equal competition of parallel and perpendicular transport making the
edge problem inherently two~dimensional. Tvo-dimension‘.a;.l models have only
recently been developed [25,26]. Emery et al. [25] neglected sources due to
neutral gas. The main failing of Petravic et al. [26] has been to assume that
the electron conductivity is so large that there 1s no electron temperature

gradient along the fleld lines. The electron heat flux § due to conduction

along the field iines can be written as Q = k. V(kT.), where
K, = 1.21 x 1o7-°(re(ev))5’2(cm secy™ |, [27]. 3

The electron conduction loss to the limiter or neutralizer plate ig limited by
heat transport across the sheatl.'n [7,8,28], Q ~ 6nTevf- We can establish a
minimum T, for which conduction can keep the electron temperature gradient
below a given value. Setting KeV(kTe] = 6avl, we obtain (V'l‘e ~ AT/L, where L

is a characteristic length) for a D-T plasma,

-14 nL \1/2
T, 2 (4.39 x 10 WT') eV .

FOT AT/T < 0.3, L ~ ngR = 5000 cm, and n = 4 x 1011cn™3, we f£ind that T, ) 17
eV, For a denser plasma with n = lolacm_:’, Te 2 85 eV. This is less than
the 800 eV predicted from the simple INTOR considerations, but higher than
observed in divertor experiments with stroug neutral recycling [29,30] where

T, was estimated, but not directly measured, to be below 15 eV, Our model



whi. - has infinite electron conduction is thus valid ior reducing Ty to ~ 20~
30 eV, but beging to fail below that.

The above described models all approximate the plasma .as a fiuid. For
the high temperature and low densitles mentioned in the 1ntroducti§n (800 eV,
4 x 1011cm—3), the collision mean free paths are comparable to the system
size, and a kinetlic description may be more appropriate than a fluid
description. A number of kinetic models have been coastructed [31-36],
including one using particle simulation techniques [34] and another solving
the Boltzmann equation in one space and one velocity dimension [35]. These
models may be useful in exploring the range of validity for the fluid models
as well as providing better treatments of thin hot plasmas. Boozer and
Auerbach [37,38] have also constructed two-dimensional fluid analytic models
for diverted plasmas.

Another important ingredient for edge models 1s neutral atom transport.
The zero-dimensional models [10,11] include many processes, such as those due
to molecules and molecular ions. The usual neutral particle models [39-42)
employed in one-dimensional tokamak transport codes are used for edge models
based on modifications of the one-dimensional tokamak codes [13,14]. These
models normally include only atomic hydrogen and calculate the neutral
transport and source terms in a cylindrical geometry, although Howe [43] has
recently included molecules in a one~dimensional code [44].

A variety of two-dimensional and three—-dimensionral neutral transport
models have been developed [45-50] to compute neutral source terms in the
edge. Most of these models include the transport of helium and molecular
hydrogen as well as atomic hydrogen.

One important iIngredient of the neutral particle transport calculations

ia a mwmwodel for the reflection of ions and neutrals from the walls.
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Measurements of reflection coefficients have been made primarily with high
energy (1 keV - 10 keV ious) on smooth surfaces {51]. Calculations using the
computer codes MARLOWE [52] and TRIM [53] have been used to extend the energy
range down to 20 eV or so. The general features of the reflection data are
that at high energiles about 0. to 0.3 of the particles are reflected with
energies of about 0.3 - 0.5 of the incident energy. The remainder of the ions
or neutrals slow down and are trapped in the solid wall (Fig. 5). For
normally incident particles the reflected particles are emitted with
probabllity distributions proportional to the cosine of the angle that the
outgoing particle makes with the normal to the surface. Particles that strike
a smooth surface at glancing angles are more likely to undergo "specular”
reflection, that 1s the angle of reflection 1s close to the angle of
incidence. In this case, the probabllity for reflection is close to one, and
the reflected particle loses 1ittle energy to the wall. Neutral particles
incident at any angle om a rough surface have reflection properties like those
of normally incident particles (“diffuse” reflection). The reflection
properties of the neutrals have a strong effect on neutral transport through
pumping ducts :nd divertor channels. Specular reflection will lead to a much
more rapid transport of glancing neutrals down a pipe than diffuse
reflection. However, real surfaces are likely to be quite complicated. They
will usually be coated with ilmpurities and probably be rough down to submicron
distances.

Another ingredient is the tremsport of the neutrals that were not
reflected after a few bounces with the solid wall, but were stopped in the
bulk wall. After the wall is saturated, these neutrals will diffuse to the
surface and eventually be desorbed. A time dependent model of these effects

for plasme recycling has been constructed by Howe [44]. In steady state, of
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course, all of the neutrals that are buried in the wall will be emitted back
into the plasma. Key questions are whether the absorbed neutrals are emitted
or desorbed as molecules or atomic neutrals, and at what energles they are
emitted. '

The boundary conditions for both the neutral particle models and plasma
transport calculations are determined by the electrostatic sheath that forms
where the plasma flows into the limiter or neutralizer plate. The sheath
potential builds up to a value sufficient to retard the electron flux so that
it equals the ion flux [7,8]. The size of the potential (in the absence of
secondary electron emission) is ~ 3\..Te’ the particle flux I is nv where v =
f(Tg + Ti)/m]]‘/2 1s the sound speed and 0 is the average ion mass, and the
electron heat flux is ZYTEF where y ~ 2.9 when no secondary electron emission
occurs.

With a model for plasma flow, neutral transport, neutral reflection, and
boundary conditions for the sheath, one can calculate the density and
temperature profiles in the edge and divertor channel, and the pumping speed
of a divertor or limiter system. To assess the impurity control aspects of a
divertor or pump limiter, a model for the production and tramnsport of
impurities 1s necessary. The most commonly accepted impurity production
mechanism (at least for eroding wall materials) 1s physical sputtering of a
surface by the bombardment of ion or neutrals.

There have been a large number of measurements of sputtering data [54].
This data has been collected into a convenient form for use in computational
models [53,56]. Reference [56] 1s especially useful in that it contains a
model for the angular dependence of the sgputtering yleld, as well as a
prescription for calculating self-sputtering.

Calculation of the transport of impurities also requires knowing the low

L__.\__,
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temperature (5-20 eV) ionizatiom, recombination, and excitation rates for the
impurities. We have used rates based on a general prescription for g}l
elements [57]. This generél data is being supplemented by better data gs;it
appears [e.g., 58,59]. The JAERI group has used this data to model the éxygen
radiation losses in the D~III expanded boundary divertor [60].

Calculations have also been performed [61,62] using one-dimensional
transport codes to investigate ways to use impurity radiation at the plasma
edge to cool the edge and reduce the sputtering rates. There has also been a
calculation using a three-dimensional neutrals code to investigate the
enhancement of impurity radiation at the edge due to charge—exchange
recombination [63].

One new area has been the theoretical investigation of molecular effects
in the transport of Zmpurities [64]). The basic idea was that slow (~ 0.l eV)
neutral carbon would penetrate roughly one electron ionization mean free path
into a discharge. Methane evolved from the wall would have roughly the same
energy as a neutral carbca atom. However, It would be ionized and dissociated

in the following chain of events:

and
CH, + e »CH + 2e”
4 e 4 e
CH, + e + CH
CHY + e »cHl +2¢”
3T e *ULR, T ce

+ - + -
Ci, +e +»CH + 2e

2
A+ 2e

+ -

cn +e » cz+n:+e
c®+n
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The ‘time for this succession of lonizations and dissociations is comparable to
the thermal eq: ‘libration time with the 5-30 eV ions in the edge plasma. This
can result in "boosting” the carbon energy from ~ 0.1 eV to. several eV, thus
increasing the ionization mean free path by as much as a factor éf 10. TFor
some edge conditions this can lead to an enhancement of the carbon penetration
for methane produced carbon compared to atomic carbon while also leading to a
return of some carbon to the wall.

In summary, the ingredients are becoming available for r?asonable
quantitative models for the edge plasma.: For the rest of the paper we will
describe some of the models we use, and hov we use those models in an attempt
to interpret present experiments and extrapolate to larger experiments such as
INTOR. A great deal of work on the INTOR divertor design has been done by the
various design teams from the USSR, Japan, and Europe as well as the United

States, but we will concentrare on our work at Princeton.

I1I. TWO-DIMENSIONAL NEUTRAL TRANSPORT CALCULATIONS

The transport of neutrals in a typical divertor geometry 1s inherently at
least a two-dimensional problem. As we have seen in the previocus section, a
neutral transport model not only provides information about the wall erosion
and pumping rates, but provides the source terms for a plasma computation.
The ionization of neutrals serves as a source of plasma density and a cooling
(or heating) term for the ions and electrons, and also dflutes the momentum of
the plasma. Charge exchange does not affect the density, but does.exchange
energy and momentum betwe:n the divertor walls and the plasma, and between
various parts of the plasma. We will see in Section IV that the inclusion of
reactions with neutrals, particularly ionization, can produce dramatic changes

in the plasma parameters im a divertor.
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Given the two-dimensional nature of the problem, plus the need for a
kinetic treatment of the particles, most researchers have chosen to use Monte
Carlo techniques. The piloneering work in this field was performed by a group
at JAERI [34,47], who were the first to study the problem of helium and
hydrogen transport in a diverted plasma. A year later a similar code was
written at PPPL [46,65), and shortly thereafter other calculations were in
progress [48,49].

The two significant physics ingredients to our neutral particle code (in
addition to the numerical techniques) are the atomic physics of the neutral-
plasma collisfons, and the wall reflection model for the neutrals.

The collision processes included in our code are listed in Table I. The
code follows H, D, T, their associated molecules, Hy, by, T,, HD, HT, and DT,

and He. Reactions such as

- 0 + + . -
e +H) +H +H + Je ,
- + + +

e +Hy+H +V + 2e ,

have appreciably smaller cross sections than competing reactions, and sc are
not included.

The cross sections for the reactions in Table I are computed from the
polynomial formulae in Freeman and Jones [66] and Jones [67], which are used
to compute tables of <cv> as a function of neutral energy E, and plasma fon
temperature Ty, using Gauss—Hermite quadrature.

A measure of the relative importance of each reaction can be obtained
from the reaction rates ndov> where n is a typlcal density chosen for the
plasra 1ions (D+, T+, or He'*) or electrons (Figs. 6a, 6b, 6c). The dominant

reaction for neutral hydrogen at all energies 1s charge exchange (Fig 6b).
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Ionization for neutral hydrogen is almost comparable to charge exchange at T ~
40-60 eV, but it 18 much less important at lower temperatures. This contrasts
with the situation for neutral helium where ionization dominates helium~helium
charge exchange for T > 4 eV. Helium-hydrogen charge exchange iQ important

only at high temperatures ( > 2 keV).

0
2

are plotted in Fig. 7 as a function of electron temperature To« For To € 10

The relative neutral/ion yield rates from H, dissociations by electrons

eV, the dominant reaction is e + H? » 4i® + e so that almost all dissociating

2
hydrogen 1s atomic. Above ~ 10 eV, electron 1onization followed by

dissociation into H® + H* + e becomes important, and, for T, > 100 eV, half
the hydrogen produced by dissociation 1s atomic and the other half is
ionized. Also, since the velocity of the molecules 1is low (~ 105cm/sec)
having been desorbed off a wall, the mean free path of the molecules is
shorter than the mean free path of energetic hydrogen neutrals (~ 3 eV, v ~
106cm/sec). This results 1in about one-half of the hydrogen atoms that leave
the wall as molecules being ionized very close to the wall.

Three wall reflection models are used. What 18 required for each

incident particle with a given incident energy and angle to the normal is an

“algorithm for picking the outgoing energy and angles of emission. The first

model uses a data base compiled from meny MARLOWE [52] computations. The
second model 1s taken from Seki [47] for an iron surface. The reflected
velocities vary from specular (angle of incidence equals angle of reflection)
for glancing collisions to a cosine distribution for normally incident
particles. The third model reflects all particles with a cosine distribution
and 18 probably the best suited for rough walls. The reflected energy is
degraded in the last two models as is done in Seki [47].

Hydrogen and helfum not reflected 1s assumed to desorb eventually (in
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gteady state) as molecules or atoms, mono—energeticelly at the wall
temperature, and with a cosine distribution 1in polar angle. Molecules
striking the wall do so at low velocity and are assumed to desorb immediat:ly
with the a cosine distribution.

The ordering of reaction rates for hydrogen and helium ig important for
the relative trangsport of neutral hydrogen versus neutral helium 1in a
plasma. It has been argued [47] that the plasma acts as a helium filter.
Since neutral hydrogen atoms can charge exchange with the hot fons in the
plasma, some of the energy lost by collisions with the wall can be recovered
by the neutral ﬁydrogen atoms, and thus keep the mean free path for ionization
large. Helium atoms, however, would be "re-energized” by cherge exchange to a
much lesser degree than hydrogen. This {g because the charge-exchange cross
sections for helium with helium are smaller than for hydrogen with hydrogen,
and the percentage of helium 1omns in the plasma is small (~ 5% of n,) compared
with hydroger (~ 90% of ng) (Fig. 6c). Thus, the helium atoms would be
expected to slow down by wall collisions and might be ionized more rapidly
than the hydrogen atoms.

The situation is complicated, however, by the fact that the hydrogen mean
free path for charge exchange 1s about one~half of the mean free path for
ionization. Thus there will be about two charge—exchange collisions for each
ionizing colligion. 1If we assume that neutral hydrogen atoms resulting from
charge—exchange collisions are isotropically distributed, the directed motion
of neutrals down the divertor duct will be lost. Charge exchange for hydrogen
thus helps the transport of hydrogen neutrals down the divertor by restoring
the energy lost b& wall cnllisions, but it also retards the transport by
randomiziag the velocities of the neutral atoms. Further complicating the

picture 1s the lower ionization rate of heljum compared to hydrogen and the
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production of cold hydrogen molecules at the wall (as just describted). We
have found that for INTOR the net result of all these competing effects is
‘that hydrogen and helium neutrals have aimilar transport rates at moderate
plasma densities (~ 1012 _ 1013cm_3). Seki et al. [47] have fout;d (Fig. 8)

the backflow B = [T

/(r +T )] 1n their calculation varied from
plasma ump

plasma P

0.46 to 0.7 for DT, and from 0.23 to 0.7 for He as the density varied from 4 x
10]']'(:|n"3 to 8 x ].012cm-3. Thus, the helium enrichment they calculote varies
trom 2 to 1. In particular, their result for a density of 3 x 1012c,'n-3 has an
enrichment of By/By, = 1.13. Our case at that density ylelds backflows of
0.34 for DB, 0.31 for T, and 0.44 for He (Table II). This is a helium de~-
enrichment of BH/BHe = 0,75 [46,65]. However, considering the uncertainties
in the wall reflection models, the different atomic physics, and differences
in the codes, this discrepancy probably 1is not significant.

What 1s clear 1is that significant helium enrichment (factors of 5 or
more) probably does not exist. This conclusion is consistent with recent
measurements -~n D-III [68].

Calculated neutral conductances for a variety of divertor conditions is
given in Table II [46]. The density in the first thrze cases was 8.8 x
1012073 4t the center, falling to 1.1 x 101203 at the channel walls. The
central electron temperature was 250 eV with the same Gaussian profile as the
dengity. Two things are worth noting. The first is that helium de—enrichment
was found for all cases. The second is that the gas throughputs are higher
than might be expected naively.

The conductances (pumping speeds) of the pumping ducts were computed with
the code and compared with the classical Clausing values [69] using a neutral
temperature of 300°k. The actual pumping speed was much higher than the

Clausing value. The results from the code indicated that the neutrals formed
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near the plate are energetic, and flow down the duct, cooling by collisiomns
with the pump duct walls. Thus, the effective tcmperature of the neutrals is
high. The actual throughput is somewhere between equal fluxes (~ #E) and
equal pressures (~E). It {is this "enhanced” pumping that 1s probably
responsible for part of the high neutral pressures observed at ends of pumping
ducts which are placed near surfaces where the plasma 18 recycling [70]. Most
of the neutrals that flow toward the main plasma are ionized in the divertor
plasma.

The other types o1 information the neutral code can provide are heat
loads, total sputtering rates, and the energy, momentum and particle source

rates useful to a solution of the plasma flow equations.

IV. TwWO~-DIMENSIONAL PLASMA FLOW MODELS
The large ionization rates in the plasma will affect the diverted
plasma. To examine the effects of the neutral collisions on the plasma, we
have constructed a two-dimensional model for the flow of a one ion species
plasma i1n a poloidal divertor [26]. In this model, we solve steady state
equations for the transport of particles, momentum, and energy. In Cartesian

coordinates (Fig. 9), these equations we use have the form

o(av,) 2 3

—r= = 5, (8) 5 05 3
S ln? + 1 +1)) =5 (69) + 3 (w2 B, )

= (v, Gy + v )] -1, Rt (o9 + 5 2T, + 3o ), ®

2
RS ARCHES JC LRS- - )
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Electron inertia has been neglected and the electric field has been eliminated
through charge neutrality and electron pressure balance. The S's are the
deasity, momentum, ion energy and electron energy source terms, respeciively,
due to charge exchange, ionization, and radiation of the neutraligas. E 1s
the coordinate along the field line, y is the coordinate perpendicular to the
flux surfacz, and D is the perpendicular diffusion coefficient.

The boundary conditions at the sheath are that the heat flux Q and
particle flux [ are given by Q:h- 27Te(nvs)8h(y ~ 2.9), I'= nv_, and v:h ,
the plasma flow velocity computed at the sheath boundary, 1s obtained
from (1/2) mvz = (5/6) Ti + (1/2) Te. The 1input fluxes of particles and
energy are specified at the divertor throat. One key point is that the plasma
flows at the local sound speed at the sheath boundary. T, 18 assumed constant
along the field lines, an assumption of limited validity as we have seen. The
neutral source terms are obtained self-consistently from the code [46]
described in the previous section.

We have used the code to explore possible operating parameters for
poloidal divertors. We have found that the divertor operating regime depends
on the degree of neutral recycling that takes place in the divertor chamber.
We studied this effect for a PDX-like geometry by varying the pumping speed
near the neutralizer plate of the divertor chamber [26] (Fig. 9). This was
accomplished by varying the pump opening, 6, (Fig 9) from 2 to 6 cm. For
small 6, few peutrals could escape down the pump, &nd most would be ionized in
the diverted plasma or escape back to the main plasma. The heat f£flux
corresponded to 8 MW of neutral beam injection (2 MW/plate), and the particle
flux corresponded to a particle confinemént time of 30 milligseconds. The
cross—field diffusion was set to ~ 51 of Bohm diffusion and was small compared

to the parallel flow. The results for § = 4 cm are illustrated in Fig. 10.

STV
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The source of neutrals due to ionization is localized near the plate. From
the continuity equation (3), it can be seen that since S > 0, the particle
flux ' = nv increases along the field line from the input value to a larger
value at the plate. For & = 4 cm, this iIncrease is roughly a factor of 4.
The calculations indicate that Q; and Q. are not significantly decreased by
charge exchange, ionization or radiation. Thus, at the sheath boundary, Qy ~
8Tnvy, (projected into the poloidal cross section with Qx/QE ~0.1),
Since T, = mv,, Q. /Ty = 8T and raising Ty by a factor of 4 lowers T at the
plate by a factor of 4 compared to the case with no neutral recycling. Each
particle gets four times as many chances to carry the heat flux to the plate
as it would if there were no recycling. Since Qp ~ To/T/H , ar3/2 .
constant. Thus a decrease in T at the plate tvesults In an increase ip n at
the plate. This is illustrated by computing the divertor parameters as a
function of pump opening (Fig. 11). As the pump opening is decreased from 6
cm to 2 cm, the recycling particle flux at the plate increases. The
temperatures decrease, the densities 1increase, and the neutral pressvre
increases. Quite high pressures aad densities can be obtained (100 microns,
1014cm—3) which are vroughly consistent with measurements on D-IIT
[22,29,30,68] and Alcator [70]. Attempts to reduce the pump opening below 2
cn results in a lack of convergence for our numerical method.

These regults allow us to divide divertor operation into roughly three
regimes characterized by the amount of neutral recycling in the divertor
[Table III]. The first regime is characterized by very little recycling. The
temperatures are high and the densities are low, as wou_uld be predicted from
simple sheath theory. The neutrals can easily escape down the pump or back to
the main plasma without being ionized. The neutral pressure is low.

The second regime is characterized by a medium level of recycling. The
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ratio of the plate flux to the throat flux is between 1 and 10. The density
is in the 1013cm'3 range, and for typical heat fluxes and particle fluxes
(beam heated), the temperature is about 50~100 eV. The neutral pressure at
the plate is around 1073 torr. The neutral mean free path is shortér than the
length of the divertor channel, but longer than the width ot the divertor, so
that neutrals can escape down the pump but not back to t.e main plasma.
Radiation from hydrogen and charge exchange does not transfer much of the heat
flux to the divertor walls before the plasma reaches the neutralizer plate.
The sputtering ylelds are high in both regimes since the ion energles are
above the sputtering thresholds for realistic materials. In fact, due to the
higher particle flux in the intermediate recycling regime, the total erosion
rates may be higher than those for the low recycling regime. Experiments with
outside limiters and open divertor geometries like PDX are probably between
the first and second regime, since even with a limiter there is some local
recycling.

The third regime 1is characterized by large recycling rates. Each ion
typlcally recycles ten times or more before being pumped or reaching the main
plasma. The neutral mean free paths are short compared to both the length and
width of the divertor. The electrcn temperature is below 30-40 eV and the
density is high (~ 1014cm—3). The neutral pressure is high (£ 102 torr). At
thegse densities radiation and charge exchange begin to be important. The
temperature may also be low enough that significant electron temperature
gradients along a field line can be supported. Because of the 1low
temperature, which leads to a low sputtering rate, and a high npeutral
pressure, which leads to large gas throughputs for modest sized pumping
systems, this regime is the best one for a large tokamak. Our code has only

been able to partially enter this regime (T ~ 20 eV, n ~ 1014 cm—3) due to our
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neglect of electron temperature gradients, use of approximate radiation
treatments, and the fixed input flux boundary conditions. This high recyéling
regime, however, has been observed on D-III [22,29,30,68), Although the
expanded boundary type of divertor on D-III [71]) 1is open at the sides, the
width is large on D-III (10-30 cm) which is large enough to ionize most of the
neutrals which hit the wall, thus achieving a high recyecling rate. Recent
observations on D-III support the role of recycling and hydrogen radiation in
the operation of their high density divertor {72].

One key feature of the calculations with appreciable recycling is that
the plasma flow velocity 1s a maximum at the divertor plate. Since the flow
(nv) rises toward the plate, and v at the plate is fixed ai the sound speed,
part of the flux rise comes from an increase in v along the field line. Thuse,
the flow velocity at the divertor throat is less than the sound gpeed at the
plate, and much less (1072 ~ 10™1) than the sound speed at the throat (Fig.
12).

The flow speed of C II was measured in the divertor on PDX. As the
density in the divertor increased (as {ndicated by Ha emission), the C II flow
speed dropped from sgonic (~ 2 x 106 cm/sec) to a much smaller value £ 105
cn/sec) [74). In PDX [74], ASDEX [75,76), and D~III [30], the line deunsity in
the divertor is observed to rise as n: where n, is the main plasma line
density and « 2 2. These results qualitatively indicate the importance of

recycling in the divertor.

V. FUTURE DIRECTIONS
The general quality of models for divertors will continue to improve
during the next few yeare, especially as divertor and pump limiter experiments

are analyzed. The fluid model presented in Section IV has a number of short-



comings. The key physics ingredients omitted were an electro: temparature
gradient slong a field line, a general geometry, a genmeral set of boundary
conditions that included the main plasma in a self-consistent fashion, a
realistic treatment of the hydrogen line radiation and an impurit} transport
treatment. Some of these shortcomings are being corrected {77] in our model.

It is also important to have derived a consistent and complete set of
equations for the plasma flow at the plasma edge. Early attempts to do this
made simplifying assumptions which limited their applicabllity for practical
problems {37,38,26]. A more complete analysis has been conducted by Singer
and Langer [78] for the high collislonality regime, which 1is optimal for a
high recycling divertor in a tokamak reactor, where the Mach number is much
less than one for almost all of the plasma. They find that in addition to the
terms treated Iin [77], loss of particles and energy by diamagnetic flows must
be iIncluded, as well as viscosity and Coriolis forces. With these
ingredients, we hope that we can explore quantitatively the parameters for the
kinds of cool dense plasmas observed on D-III. Recently, there have been
observations of a cool dense plasma layer on the inside limiters of D-III [72]
and Alcator C [79]. These may be manifestations of the effects of high
recycling found to be important for divertors.

The next big step after this will be the inclusfon of impurities,
fmpurity production, transport and radiation. Already there have been
calculzstions of impurity transport near limiters [80)}. Coupled with impurity
injection experiments these models might allow one to begin to construct a
quantitative model for impurity behavior in the plasma edge.

Such progress is promising not only because the plasma~wall fnteraction
is the source of most impurities, but because a real understanding of impurity

behavior in the edge may allow the use of impurity radiation to help keep the

s s
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edge cool. Edge cooling by impurity radiation has been proposed by many, but
no truly convincing scenario yet exists.

Another exciting development has been the work examining the boundary
conditions for the electrostatic sheath that forms wl;uen the field lines make
shallow angles with the neutralizer plate |81-83]. 1In fact, the level of
general progress in edge models has been such that for the first time
constructing a comprehensive model begins to make sense.

In some ways, the experimental and theoretical progress 1in divertors,
limiters, and pump limiters has been one of the most optimistic developments
for the tokamak program in the last three years. When the INTOR effort began,
the pumping and impurity control problems seemed Lnsurmounteble. It now
appears that there are experimental and theorctical grounds to believe that
cool, dense diverted and maybe even limited plasmas may be able to solve these

problems.
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(1 ®° +
(2) e +
(3 e +
(4) e +
(5) e +
(58) e +
(5b) e +
(6) ne® +
(1 ue®+
(8) He® +
(9 e +

Neutral-Plasma Reactions Included in OQur Model.
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TABLE I
H+ > H+
B ot
Hy > 21
Hg + H°
H; > H;
H; > 2u°
H; > H°
He+ > He+
He He++
gt > pet
He® = He+

+ 2e

tritium. We assume that if H

0
2

is ionized in reaction (5), then the H+

+ 2e

H is hydrogen, deuterium, or

2

produced ig dissociaied instantaneously by reactioms (5a) or (5bh).
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TABLE II
L a Qp/Qt E Ryac c- (Qp/Qt)/Rvac
(cm) (cm) D T He DT He
80 30 2.67] 3.831 0.56 5.80 0.20 16.3 2.8
50 30 0.53) 0.70§ 0.25 2 .46 0.16 3.9 1.6
50 40 0.26] 0.39{ 0.13 2.50 0.11 3.0 1.1
100 30 1.94| 2,20 1.23 1.68

Relative pumping rates for D, T,

and He in rectangular divertors

[46].

Divertor throats are £ by a cms, and pumps are 40 cm by a cm. Qp and Q; are

the currents leaving the pump and throat, respectively. E 1s the ratio Qp/Qt

for DT over Qp/Qt for He.

Eyac 18 the ratlo of pump to throat conductances

computed for a vacuum using Clausing's formula [69] and C 1is Qp/Qt over Ry, .
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TABLE III

Approximate Divertor Operating Regimes for ainivettor

of Length b and Width a

(INTOR Heat Fluxes and Particle Fluxes)

y—

o ————

1 -]
Neutral Recycling Low Medium High
ho = ne<ov>ionize Ao > 8, b b )ho > a b, a >ho
Neutral Mean Free Path
= ~1 1 R 10 10
R rplate/rthroat R SRS R2
To 200-1000 eV 30-200 eV < 30 ev
Edge Plasma Density 1011-1012¢973 101373 104eq™3

Importance of

Hydrogen Radiation

Neutral Pressure

Electron Temperature

Gradient

negligible

10621074 torr

small

~ 10%

1074-102 torr

~ 10%

10-902 (Est.)

> 1072 eorr

large
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Fig. 3.

' Fig. 4.

Fig. 5.

Fig. 6a.
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Fig. 7.

Fig. 8.

-32-

FIGURE CAPTIONS
Schematic of a poloidal divertor (taken from Dale Meade, private
comnunication) .
Schematic of plasma flow in a divertor (taken from [46f)a
Types of physics involved in a divertor for a high beta plasma.
Parameters in the scrapeoff plasma for INTOR calculated with model
in Ref. l4. The separatrix is at r = 152 cm.
Schematic illustration of neutral atoms and ions colliding with a
surface.

n<g v> For

@ w +8 +E* +¥° ,n=n, =1 x10!3 ca’3
- + - H 13 -3
(2) & +1° +4d +2 ,n=n, = 1,1 x 10" cm
(3) e +He® »Het +2  ,n= B, n1.a x10!3 cn3
(4) Be® + He++ +> He++ + He® , A =q = 0,05 x 1013 cm-3
He
(5) ge®+H' o+ met +m° ,n=a_ =1 x 1013 ca3
H
where H= D/T, E =3 xT , E =6xT ',and T =T ,
"° e He® e i e

Hydrogen and helium charge exchanging probabilities,

Ti ~ Te (compared to ionization).

n.<q v> for

(1) e” + H® » HY + 2¢”

2 T M
(2) e'+H‘2’+2ﬂ°+e'
(3) e +H) »E +Ht+ 287
(4) e‘+n;'+2u°
(5) e+ H) +u® +u"+ e

assuming ng = 1.1 x 1013 co 3.

H and Hr yleld fractions from Hg digsociation.

Backflow fraction as a function of divertor density [47].
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Fig. 10.

Fig. 11.

Fig. 12.
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Model divertor chamber. The length of the chamber is 40 cm and
the width is 6 cm. The plasma 1s 4 em wide. (Taken from ([26]).
Calculated plasma parameters along the separatrix in the wmodified
PDX divertor for a pump opening of 4 cm. (Taken from {26]).

The neutral pressure P,, the plasma density at the throat and at
the plate ng, the lon temperature at the plate Ty, the electron
temperature T,, and the total particle flux I' at the plate, T at
the plate as a function of the pump opening for the divertor
chamber in Fig. 9 and for the PDX-1ike conditions described in the
text . (Taken from [26],.

The fluid velocity along the field line projected into the

poloidal crosa ssction for an INTOR divertor design. (Taken from

173D).
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