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For the derivation of the power law it is assumed
that the thickness of the thermal boundary layer is
much larger than the gap depth in order to apply the
Hele-Shaw cell concept even for the range of the bound-
ary layer. This assumption is valid for moderately
high Rayleigh numbers as observations by real-time
interferometry have shown.
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Measurements of the divertor-region plasma characteristics and argon exhaust efficien-
cies of the expanded-boundary divertor are reported. High plasma and neutral-hydrogen
densities (-10 /cm ) are observed in the divertor region, and the exhaust efficiency
for injected argon exceeds 95Vp. A simple model based on electron heat conduction paral-
lel to the diverted field lines and frictional force due to proton-argon collisions in the
divertor region accurately describes the experimental observations.
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The expanded-boundary divertor' is a simplified
poloidal divertor configuration where the outer-
most flux surfaces of the plasma are diverted
and expanded by coils located outside of the plas-
ma chamber. Bulk plasma properties associated
with the expanded-boundary configuration have
been reported earlier. '*' The magnetic-flux con-
figuration (Fig. 1) and plasma parameters are
similar to those reported earlier. The experi-
ments were performed at a plasma current of
380 kA, toroidal field of 20 kG, and line-average
pla. sma, density n, = (1 —5)x 10" cm '. This paper
deals with the diverter region plasma characteris-
tics and hydrogen and argon exhaust properties
of the configuration. A simple model based on
parallel heat conduction in the boundary plasma
accurately describes the density of the divertor
region plasma and the hydrogen exhaust. Applica-
tion of the results of the model to the calculation
of proton-argon frictional force explains the ar-
gon exhaust.

Measurements of the divertor plasma charac-
teristics show marked dependence on the line-
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FIG. 1. Cross section of Doublet III with an expanded-
boundary flux configuration. The shaping coils used in
the formation of the divertor are shaded.
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average density of the main discharge. Increasing
the main plasma density, n„results in a non-
linear increase in both the divertor line-average
density, n, (l), and the neutral pressure, P~, at
the lower ionization gauge [Figs. 2(a) and 2(b)].
At n, =3x10"cm ' the divertor density exceeds
the main plasma density, and the neutral pressure
reaches -10 ' Torr [n, (H,)-3x10" cm '].

A complete description of the physics of the
plasma boundary layer involves particle and ener-
gy transport parallel and perpendicular to the
flux surfaces, radiation and charge exchange pro-
cesses, and plasma-wall interactions. However,
the density dependence of the boundary plasma
can be described by a surprisingly simple model
that neglects perpendicular transport, radiation,
and particle transport except near the target plate
(the wall of the vacuum chamber).

The plasma boundary layer is represented by a
plasma channel, of average cross section A, de-
fined by field lines extending from x =0 to x =k

(Fig. 3). A power source P, exists at x =0 and

the lines are terminated by the wall at x =/. Par-
ticle flow and radiation in the channel are neglect-
ed. The electron density at x =0 is assumed to be
proportionaL to n, . The boundary is then described
by the equations V'll ~ K[1~11AT, =0, and ~11n,T, =0,
where

K =KT
11 0 e

=[(4.4&&10 "J/sec degcm)/&1nII]T, '".
The boundary conditions are II, (0) =an„and
—~ IIV IIkT, =P,/A at x =0, and

—I( IIV IIkT, =n, kT, (kT g/2ITM. )~ (y +2T, /T, ).

where ~ is a proportionality constant and we have
used values of the constant y, from sheath theory
when T& & T„but then approximated by setting T,
=T;. Integrating the above equations, we obtain

T, (x.)'"=T,(0)"'-7P~/2v A, (1)

where T, (0) is the solution of

(0)21/2 0 T (0)7
(2rMI)'"P,

A =4«MP/Br, 5 is the thickness of the scrape-
off layer atx =0, B~ is the toroidal field, B~ is
the poloidal field at x=0, and R is the major radi-
us. At sufficiently high densities,

(2~w;)"*(P~)"'(2'„1"'
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T,(0) assumes a value of (VlP,/2~, A)"', which is
independent of e, and only weakly dependent on
parameters such as P„E, and 4. In this high-
density, conduction-limited heat-flow regime,
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FIGG. 2. Density dependence of divertor plasma param-
eters. (a) Midplane line-average density; the solid line
shows the best fit of experimental data to the model.
(b) Ion gauge pressure (lower chamber) . (c) Calculated
divertor temperatures for two estimates of power flow-
ing to the plasma boundary.
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FIG. 3. Schematic representation of the boundary
heat and particle flows.
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the plasma parameters at the target are

2~m,
(7l/2/t, )'"k'y'n' A

and

y* 'xa'( &7)"'(x
)
"'

The temperature in the divertor region T, (l)
scales as n, 2, and the density in the divertor re-
gion scales as H,,'. This cubic scaling of n, (l) is
consistent with the data of Fig. 2(a). Fitting the
data of Fig. 2(a) by Eq. (4) yields n, (l) =0.16~,'
where n, is in units of 10" cm '. With use of this
result, T,(l) can be calculated directly from the
boundary condition atx =l. We obtain T, (l)
=63P,'"rs, ', where P, is in units of 10' W, and
T,(l) in electron volts. Calculated values of T, (l)
are shown in Fig. 2(c) for two values of P, . For
the upper curve, P, =200 kW is the difference be-
tween the Ohmic input power and the total power
radiated from within the closed flux surfaces of
the discharge, as measured with a bolometer ar-
ray. For the lower curve, P, =100 kW is esti-
mated from thermocouple measurements of the
energy flux to the outer midplane wall.

The results of the model can be used to esti-
mate the steady-state atomic hydrogen density,
nc(H), in the lower chamber. Hydrogen flux bal-
ance between the plasma and the lower chamber
yields

B,(0) 47rR6 T, (l) "'
n, (H) n, (l)

( )

Pl e
2

[T(H)] /

where A. is the cross-sectional area of the vacu-
um chamber at the midplane, T(H) is the neutral
atomic hydrogen temperature in the lower cham-
ber, and |-" is a factor of —~ to account for charge-
exchange effects. The pressure P~ is measured
with an ionization gauge located 1 m from the
vacuum chamber, where the neutrals can be safe-
ly assumed to be at the vessel temperature.
From Eq. (5), the requirement for particle flux
balance between the gauge and lower chamber
leads to P~ ~n, '. The magnitude and density de-
pendence of P~ is in reasonable agreement with
Eq. (5) [Fig. 2(b)].

The impurity exhaust function of the divertor
was studied by injection of a trace level of argon
into the discharge. A 1-msec burst (-10"atoms)
of argon was injected into both diverted discharg-
es, hereafter referred to as XB "on," and nondi-
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FIG. 4. Density dependence of argon concentration in
diverted discharges (curve a) at H2 injection rate of
-10 Torr 'L/sec and (curve 5) at -40 Torr ' L/sec.
The top trace shows the den. sity dependence of argon
concentration in a nondiverted discharge with an H~ in-
jection rate of -10 Torr L/sec.

verted discharges (X'B "off"). The argon concen-
tration in the discharge was monitored by meas-
uring the intensity of line radiation from Ar XV

(221 A) and Ar XVI (354 A) normalized by F7, For
XB "off" discharges the argon concentration rose
to a steady-state level within - 50 msec after in-
jection. A similar behavior was observed for Ar
vII (586 A) radiation. ForXB "on," the Arxv
radiation increased to an initial peak, typically
half of the XB "off" level, in about 30 msec and
then decayed with a time constant of 50 msec to
a lower, steady-state level. The decay of argon
in the main discharge coincides with a rise of
neutral argon in the lower chamber. ' In each
configuration the behavior of Ar VD (586 A) radia-
tion was similar to that of the higher ionization
stages.

Argon exhaust ratio is defined as the ratio of
the steady-state level of (Arxv)/r7, for XB "off"
to XB "on." As shown in Fig. 4, the exhaust
ratio improves with increasing n„. For XB "on"
at low densities, the argon concentration is com-
parable to the XB "off" case,' however, as densi-
ty exceeds 1.5&10"cm, the argon concentra-
tion begins to fall at high density; the exhaust
ratio is -10. The argon exhaust ratio is further
enhanced by more intensive gas puffing, as shown
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in Fig. 4. The argon exhaust results are not sig-
nificantly altered when the position of H, gas puf-
fing is switched from the top to the bottom of the
chamber.

Since the injected argon is accounted for at the
end of the discharge, 4 argon removed from the
main plasma can accumulate either as ions in the
divertor region or as neutrals in the lower cham-
ber. With use of the same procedure as was used
to obtain Eq. (5), and energy ref lectivity' from
the walls of 100/0 for argon particles with en-
ergies ~ 50 eV, it can be shown that most of the
argon removed from the main discharge accumu-
lates in ionic form in the divertor region. The
accumulation of argon in the divertor can be ex-
plained by the effect of proton-argon frictional
force. Near the wall (within an ionization mean
free path of hydrogen) there is a strong proton
flow. An estimate of the strength of the argon
drag due to this flow may be obtained from the
equation Pig'A, -(MA, n~/~A, ~)u~ where 7 J„~
is the argon-proton collision time, and u~ =(T~/
2~M~)' '. The neutral argon ionization mean free
path is always much shorter than the hydrogen
mean free path A. H, and the argon ion density
gradient length is I.= (n~ 'en

A, /S—xi, ) "-(2&& 10'/
n, ) where L is in units of centimeters and n, in
10"cm ', and we have used the results of Eqs.
(3) and (4). The drag force is effective when L

H(Br/B~). This c.ondition is satisfied for n,
~1.2&&10" cm ', a value very similar to that for
the onset of argon exhaust in Fig. 4.

The phenomena of plasma density and neutral
buildup in the divertor region are qualitatively
similar to density and neutral accumulation ob-
served near the limiter of nondiverted discharges
in Doublet III' and other tokamaks. ' Similar ob-
servations were made in a single null poloidal
divertor configuration. ' In the normally limited
discharges most of the impurity neutrals pene-
trate the uninterrupted flux surfaces, thus re-
ducing the effectiveness of the parallel proton
flow on the impurity exhaust. In contrast, in the
expanded-boundary configuration most of the im-
purity neutrals are ionized in a thick plasma lay-
er separating the target plate and closed flux
surfaces so that the impurities do not reach the

main plasma.
In summary, with the expanded-boundary sim-

plified divertor, we have observed that plasma
density and neutral pressure in the divertor re-
gion rise nonlinearly with the line-average den-
sity of the main p)asma. The density dependence
of the divertor parameters is well described by
a one-dimensional parallel heat-flow model with
finite electron conductivity that neglects convec-
tion except near the divertor target. We also
have observed efficient exhaust of trace levels of
argon injected into the discharge, and show that
argon-proton frictional force, calculated using
the results of the heat-flow model, can explain
the density dependence of the argon exhaust.
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