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Princeton University, Plasma Physics Laboratory

Princeton, New Jersey 08544

Abstract

The next generation of large tokamak experiments is expected
to have large particle and heat outfluxes (-~ 1023 particles/sec
and B0 MW). These ouvtfluxes must be controlled to provide
adequate pumping of the helium "ash” and to minimize the
sputtering erosion of the vacuum vessel walls, limiters, and
neutralizer plates. A poloidal divertor design to solve these
problems for INTOR has bheen done using a two-dimensional code
which models the plasma as a fluid and solves eguations for the
flow of particles, momentum and energy, and calculates the
neutral gas transport with Monte-Carlo techniques, These
calculations show that there is a regime of operation where the
density in the divertor is high and the temperature is low, thus
easing the heat load and erosion problems. The neutral pressure
at the plate is high, resulting in high gas throughputs, with

modest pumping speeds.
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Computaticonal models have been used to assist in, the design
of a poloidal divertor system for INTOR. The divertor is to be
used toc control the expected particle and heat outflux from INTCR
of ~ 1023 particles/sec and 80-100 MW of thermal plasma energy.
The divertor must be able to handle the heat 1load without
excessive cooling requirements for the neutralizer plates and
divertor walls, and without large erosion rates for the divertor
walls and neutralizer plates. Large erosion rates would lead to
unacceptably large impurity levels in the main plasma and require
frequent rvepnlacement of the divertor structure. 80-100 MW of
fusion thermal power corresponds to a production of ~ 2 x 1627
alpha particles/sec. This helium ash must be removed from the
discharge to facilitate long pulse (> 50 sec) operation.

Simple estimates of edge conditions for INTOR parameters
yield low dens::ies (5 x 1011/cn3) and high temperatures (1,000
ayvy ., An electron temperature of 1,000 eV implies a sheath drop
at a limiter or neutralizer plate of -~ 3,000 eV with latge
erosion rates { - 25 cm/year For iron). A low plasma density at
the edge means that the first wall is not shielded from the hot
central plasma. In addition, a low edge plasma density means
that the neutral pressure will be low for helium and hydrogen
pumping. The purpose of the divertor is then to control the edge
plasma so that the heat and particle outfluxes can be handled
with minimum erosion problems and reasonable pumping speeds.

A two-dimensional model was constructed to examine these
questions. The neutral gas transport is calculated using Monte-

Carlo techniques [1]. The collisions of neutrals and ions with



the walls are handled using experimental reflection data. The
relevant atomic collision processes for b°, T°, DD, DT?, TT,
we®, pot, 1, pp*, Dr*, TTt, Het, He't, and e~ are included. ‘he
code is thus able to ca.culate ionization, excitation and charge-
exchange source terms for a plasma calculation. It also
calculates the neutral gas flows and pressures and the wall heat
loads and sputtering (erosion) rates.

The calculation is done in a cartesian geometry with a
rectangular divertor (Fig. 1) with plasma flowing into the
divertor and striking the neutralizer plate near a pumping
duct. We have used a set of flux-conserving fluid equations to

describe the plasma:
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where S_, Sp, SEi , and SEe are the particle, momentum, and ion
and electron energy source terms due to ionization, charge-



exchange, and radiation of the recycling neutral atoms. x is the
coordinate along the field line, z is the coordinate
perpendicular to the flux surface, D is the cross-field diffusion
coefficient, and B, is the pre-sheath electric field. In most
cases of interest, y., the electron corductivity, is large ecnough
so that T, is a constant along the field line.

The first three boundary conditions are the particle flux 1
and the electron and ion energy fluxes, Qo, Q;j, at the divertor
throat. The other two hourdary conditions are the electron
energy flux at the sheath boundary at the neutralizer plate, Q, =

y2Tgnv,, and v,, the plasma flow velocity, computed at the sheath

boundary from 1/2 mvx2 = 5/6 Ty + 1/2 T,. The plasma flowing
into the sheath flows at the local sound speed. The constant y
is about 2.9 for the case of no secondary electron emission.

The calculations were performed for conditions appropriate
to a =ingle null diverter with the heat flux of 40 MW and a
particle flux of 3 x 1022 particles/sec inte one divertor (Fig,.
1). With these conditions, setting the neutral source terms to
zZero (no ionization or charge-exchange) yields T, ~ 1,500 eV, ng
~ 2 x 101ler=3 ang Py ~ 10™5 torr at the neutralizer plate,
Using the self-consistent source terms from the neutral agas
computation lowers T, to -~ 40 ev, and raises n, to ~ 2.5 «x
1013em=2 ana Py to ~ 0.1 torr (Fig. 2,3). T; drops along the
field line from ~ 160 eV to 20 eV at the plate., The ionization
source is localized near the plate. The particle flux increases
by a factor of twenty from the throat to the plate. The particle

flow velocity is about 10% of the sound speed at the throat and



increases to the sound speed at the plate (Fig. 4).

The electror: density rise is largest along the separatrix,
and near the corner away from the pump (Fig. S5). The ion
temperature profile is flat at the threoat (Fig. 6). The neutral
pressure profile drops slightly near the pump, but is still < 30
millitorr at the pump opening (Fig. 7). About 90% of the input
power is still dumped on the neutralizer plate and the other 10%
on the divertor walls. The total erosion vates of the
neutvalizer plate and divertor walls are about equal.

The high density operation is due to the rapid recycling of
plasma and neutrals at the divertor plate. This <can be
understoad from the continuity eguation,

Qi%;l = Sion T PoNe<9?ignization
Since Sjonize 15 Ppositive, the flux will increase as the
neutralizer plate is appreoached, If the neutrals cannot easily
escape down the pump or return to the main plasma, they will
recycle many times before escaping. In our case, the flux at the
plate is nineteen times the input Elux (Fig. 2) and thus, the
divertor acts as a particle "fluy amplifier,” T at the plate is
reduced since ) « Tnv. T « Q/nv implies that T drops as F = nv
rises. Since, at the plate v = (’I‘/m)l/2 and Q@ « Tn (T/m]l/2 P>
ar3/2Z, nr3/2 is a constant, and lowering T raises n. The large
neutral pressure comes from the high recyeling £lux at the plate.

v ~ 0.1 vy at the throat is roughly consistent with the DIVA

measurements [3}. The high neutral pressure is roughly



consistent with the Alcator results [4], PDX results [5], and
UCLA results [6]. Densities as high as ~ 10Y%cm=3 ipn a diverted
plasma have been observed on D-I1TI [7). The particle flow rate
down the pump is 3 x 1022 particles/sec. With nge/ng ~ 0.05, we
need to pump only 4 x 1021 particles/sec, so we could reduce the
geometric pumping speed of our duct to ~ 25,000 l/sec.

Our calculations show no helium enrichment. 1In some of the
highest density cases, significant de-enrichment is found which
may raise the pumping requirements above 25,000 1l/sec.

Lowering the electron temperature from 1,500 eV to ~ 40 eV
may allow the use of high I neutralizer plates scch as
tungsten. However, reducing T, just a little farther would open
up the use of medium and even low 2 materials. The high density
divertor plasma will extend back to the edge of the main plasma
and scrape-off layer, possibly providing a cool, dense, plasma
blanket to shield the first wall from the plasma. Containing the
neutrals near the neutralizer plate will reduce tlie erosion near
the divertor throat. Since the neutral idonization and other
effects are localized near the plate, the possibility exists that
the divertor channel would be made shorter than 70 cm, perhaps as

short as 30 cm.
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fFigure Captions

1. CGeometry for the INTOR divertor calculation,

2. Plasma conditions along the field line for the center of
the divertor, O = 40 MW, I = 3 x 1022 particles/sec.

3. Plasma flow velocity aleng the field line for the center
of the divertor,

4. Neutral pressure along the center of the divertor.

5, Density profile in the divertor.

6. Ion temperature profile in the INTOR divertor.

7. Neutral pressure profile in the INTOR divertor.
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