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Geometric effects have been investigated on the cold and dense
divertor plasma formation. So far, this problem has been discussed
only qualitatively. Here the results of numerical calculations are
presented quantitatively, with the throat length and the void width as
the parameters, Such data will be useful data base for the FER
engineering design.

It is concluded that the effectively closed divertor will work
better than the open divertor. The closed divertor with no void width

forms a cold and dense divertor plasma for a wide range of throat length.

Keywords: FER, Divertor Plasma, Effects of Geometry, Void,
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1. Introduction

Impurity control is one of key problems for the design.of the
fusion experimental reactor; such as FER in JAERI. Single-null peloidal
divertor is employed for a means of impurity control in FER design.
Because the cold and dense divertor plasma can be expected to be realized

(3)

that was observed experimentally in Doublet—III(l)’(z), ASDEX and so
on. It will reduce the erosion of the neutralizer plate. It is an
important problem for the design study of FER whether such a plasma
formation can be realized or not.

A qualitative answer to this problem has been given in the previous
paper(a), where the dependences on the incoming ion flux and heat flux,
‘and the geometry were investigated. However only a few quantitative
discussions were given about the geometric effect. It was shown there
that the equilibrium solution for the divertor plasma can have a
triple-valued in some range of the incoming ion flux under the condition
of fixed incoming heat flux, and that the comparatively large incoming
ion flux is needed to realize the high density and low temperature
divertor plasma in the case of open divertor. We prefer to the opener
divertor structure because of the engineering simplicity. The range
of incoming ionm flux with which the triple-valued solution occurs was
reduced to the narrower range when the divertor geometry was closed.
Then it is our primary concern how this solution change in the limiting
case where the geometry becomes an extremely closed ome. It is one
of our purposes of this paper. Second purpose is to obtain more
quantitative data set for us to use in the engineering design., There
may be some gap between the physical design and the engineering design,
where several-centimeters accuracy is required in the latter one. This

fact suggests that we need some medium data set to connect with each

_1__
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other.

In modelling the divertor plasma, one fluid momentum equation
has been used. It has been suggested that there are some differences
between the behaviours of the fuel particles and the fusion produced
He particles. It is well known that the neutral particles are largely
influenced by the geometry. There might be some correlation between
this difference and the geometry. Hence the recycling probability is
evaluated for DT and He ions as the functions of the threat length
and the void width. Furthermore the range of incoming iom flux for
which the triple-valued equilibrium‘solution occurs is aiso evaluated
as the functions of the threoat length and the void width. The model of

)

overall structure is the same as that used in the previous paper
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2. Numerical model

Particle, momentum and energv conservation equations are used to
calculate the divertor plasma parameters. Three particle conservation
equations are solved for D, T and He species. One fluid momentum
equation is solved for the plasma with the average mass. Electron and
ion energy equations are solved respectively., Sheath electric field is
implicitly included through the pressure gradient term in the energy
eguations, The total incoming ion flux and heat flux, and their profiles
are assumed at the throat entrance. Two dimensional plasma density and
temperature profiles are outputs of our code parallel and/or perpendicular
to the magnetic field projected on the poleidal cross sectionfa)

Particle, momentum and energy source terms which treat the ioniza-
tion and the charge—-exchange reactions of neutral particles are obtained
from the neutral Mente-(Carlo code DICONFB)’(6) Electron—ion collisions and
the radiation loss from recycling hydrogen neutrals are taken into
éccount. Diffusion coefficient and the thermal conductivity perpendicular
to the magnetic field are neglected, because it is confirmed that
they have little effects on the one-dimensional plasma parameters that
is averaged over the perpendicular direction to the magnetic field with
the diffusion and the thermal conduetivity D;, X; g 10* cm®/sec. The
ratio of the poloidal magnetic field to the toroidal magnetic field
is selected to Bp/BT =0.,1. Exponential functions for particle and heat

flux profiles are selected across the magnetic field at the throat

entrance both with 7 cm e-folding lengths.
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+3. Results of numerical calculations

Cold and dense divertor plasma is formed by the strong recycling
of neutral particles near the divertor plate, where neutrals emitted
from the plate due to the backscattering and the desorption processes
are reionized. Thus, it depends on the recycling probability near the
plate whether such a cold and dense plasma can be realized or not. The

recycling probability is defined as

R -1
recye R ? (1)

11t

where R is the flux amplification factor of ions between the entrance
and the target in the divertor chamber. The results are shown for the
cases (4), (B), (8), (C), (D) and (E) as functions of incoming ion flux
in Fig. 2 (a), (b), (8), (¢), (d) and (e), where we refer the structure
of the case (8) as the standard geometry. In the standard case, the
throat length is determined by the fact that it 1s nearly equal to
twice value of the mean free path of He particle for electron impact
ionization when the electron temperature is 100 eV and the electron
density 10'? em™3, The width of divertor plasma is determined by

a simple estimation on the width of scrape-off plasma(s).

Dependences of Precyc on the throat length and void width are shown
in Figs. 3(a) and (b) when the incoming ion flux is 3 x1022 s™', High
recyeling probabilities of DT can be realized for a wide range of throat
length and void width, Recycling probability of He becomes small when
the throat length is short and/or the void width is broad. We define

the void as the vacuum region without any plasma, although it is not

a practical one. When we make a wide range of parameter survey, some
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inadequate parameters (for example, the plasma demsity = 10'® m™2 and
the plasma temperature = 20 eV} might be included in modeling the
void region. However such a defect of our code does not change the
resultant physics. To clarify the characteristics of the void, the
tota]l mean free path at the plasma edge as well as on the separatrix
line is shown as a function of the coordinate along the magnetic field
for the case (5) in Figs, 4 (a) and (b). The mean free path of D
neutrals is remarkably short, so that they will be reionized whichever
direction they start to fly as shown in Fig. 4 (a). Neutral particles
escape into the broad vacuum regionlmore easily in the open geometry
than in the closed geometry. This probability also has an effect on
the determination of the required pumping speed because the pumping
speed is strongly influenced by the pressure of neutral particles., In
the closed geometries, (A), (B), and (§), little differences between
the behaviours of the fuel ions and He ions can be seen as shown in
Fig. 2 (a), (b) and (s).

In the open goemetries (C), (D) and (E), on the other hand, the
recycling probability of fuel neutrals is much larger than that of He
neutrals as shown in Figs. 2 (¢), (d) and (e). Here we notice the
behaviours of neutral particies to understand the above difference.
There are two typical flight pathes for neutrals. The first is the
backflow path to the main plasma along the magnetic field or through
the void region. The second is the escaping path into the exhaust
duct across the magnetic field., Now we will discuss the first path,
for an example, for the case (S).

The difference of the recycling probability between fuel fons and
He ions should be important (because, for example, the recycling

probabilities 0,95 and 0.98 correspond to the flux amplification

e
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factors 20 and 50 respectively). This suggests that the flux
amplification of He particles is different from that of fuel particles
by a factor of 2.5 at the neutralizer plate. The reason is considered
as that the icnization mean free path for He neutrals is longer than
that for DT neutrals in the range of temperature from 5 eV to 30 eV(7).
Hence the effective length along the magnetic field during which the
recycling neutrals are trapped is longer for He neutrals than for DT
neutrals. This relation does not change when we take into account the
charge—exchange reactions.

Next we will discuss the second path for the same case (§). Neutral
particles start to fly from the separatrix line, go across the magnetic
field and approach to the exhaust duct. The characteristic length of
plasma repgion perpendicular to the magnetic field is 12 cm. The mean
free path of D particles is less than 1 cm near the plate, whereas
that of He particles is 8 cm. Thus, He neutrals are apt tc escape
.through the exhaust duct more freely compared with D neutrals. In fact,
the ratio of He neutral density to the total neutral density at the
duct entrance, becomes nearly 6,5% in this case. The back flow flux
for He to the main plasma is 9.1 x10*% cm™2+s™! and the exhausted flux
to the pump is 3.5 x10'® ¢m™2+s™! for the pumping speed of 2.5 x10% 2/s.

In the case of the open divertors, the neutrals are apt to escape
into the main plasma. Because the void width is broader in the case
(C), the throat length is shorter in the case (D) and the geometry is
the dpenest in the case (E), than in the case {§). Hence high con-
centration of the fuel particles at the plate does not necessariiy
mean that the fraction of the pumped fuel neutrals is larger than that

of He particles, because the geometrical characteristic lengths change.

The answer to this problem will be given by more detailed investigation

_6_
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in future.

The fact that the plasma density and temperature near the plate
depend strongly on the incoming ion flux is shown for the geometries
(a), (B), (C) and (D) in Figs. 5 (a), (b), (¢) and (d). As the flux
increases, the density increases and the temperature decreases. The

(4)

double~valued sclution appears in the intermediate region of the
incoming ion flux, which includes cold and dense solution, and high
temperature and low density solution. Only the cold and dense solution
remain with further increasing incoming ion flux. Here we arrange the
results as functions of threat lengfh and void width with the heat

flux fixed 24 MW, The range of the incoming ion flux fer which the
double-valued solution appeafs is shown in Figs. 6 (a) and (b}. It is
observed that the double-valued seclution disappears completely when the
void width becomes extremely narrow. Two backflow pathes of neutrals
exist when the void region is broad; that is, the scrape-off layer and
the void region itself., The void region cannot work as the backflow
path when we close it. This is the reason why the double-valued
solution disappears. Detail physical interpretation is given in the

(4)

previous paper .
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Summary

We have investigated the geometrical effects on the cold and dense

divertor plasma formation. We summarize as follows:

(1)

(2)

close the effective geometry,

The difference between recycling probabilities of fuel DT particles

and He particles becomes PDT/PHe =1,03, which corresponds to thé
difference between the flux amplification factors RDT/RHe =2.5, in
the open geometry, under the condition of our calculation. This
suggests that we must divide the momentum conservation equation
for DT and He.

Our previous paper has indicated qualitatively that the range of
the incoming ion flux for the double-valued equilibrium solution
to appear is broader in the open geometry (short divertor throat
and/or broad void). Quantitative data are obtained heré about
how to be influenced by the geometry, Double-valued soluticn
disappear when the wvoid width becomes extremely narrow,

In concluding remarks, we will have to consider how to control to

One simple way is using a movable buffer

to prevent the backflow of neutral particles,

Acknowledgements
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