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The helium ash exhaust fonction of a divertor has been experimentally demonstrated.
Helium atoms accumulate in the divertor region as the electron density of the main
plasma increases. With a helium concentration of - 1.6'fo of electron density in the
main plasma, neutral helium pressure at the divertor region is as high as 1.0X 10
Torr. This experiment indicates the possibility of helium ash exhaust in an o:-particle-
heated diverted tokamak with use of pumping ducts of a practical size.

PA@8 numbers: 52.55.Qb

Helium ash exhaust is one of the most impor-
tant issues in thermonuclear fusion research.
The n particles will, unless exhausted, dilute
the fuel particles and deteriorate fusion reac-
tivity since total pa.rticle density is limited by
the maximum available j3. A simple divertor
was proposed for the INTOR tokamak by Shimo-
mura et a/. ' ' Their calculation showed the
helium pressure at the divertor plate to be 1
x 10 ' Torr. The pumping speed then required
becomes 5&&10' 1/s, which is marginally an en-
gineering possibility. The pumped limiter ex-
periment by Overskei et a/. 4 suggests that a
mechanical divertor approach might work, but
no experiment has fully demonstrated this cap-
ability for a helium ash exhaust. Helium enrich-
ment is also important from the viewpoint of
tritium inventory.

We wanted to test by experiments the feasibility
of using a divertor to concentrate neutral helium
in divertor plasmas in Doublet III." Figure 1
shows the experimental setup. The diverted
plasma is formed in the upper half of the Doublet
III vacuum vessel. This simplified divertor has
the divertor coils outside the vacuum vessel and
there is no special divertor chamber or divertor
throat. Helium gas is injected into the vacuum
vessel from the upper port in a pulse of 5 msec
duration at -600 msec in the discharge. The dis-
charge lasts for 900 msec. The amount of helium
gas corresponds to a helium particle density of
1.1 x10" cm ' if it were distributed uniformly in
the plasma.

A quadrupole mass analyzer installed at the
lower chamber port is used to monitor neutral-
helium pressure during and after the discharge.
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FIG. 1. Diagnostics and impurity injection system
are shown with a divertor configuration with open ge-
ometry (no divertor throat, no divertor chamber, and
divertor coils outside the vacuum vessel).

Ionization gauges are used to detect the total
pressure (hydrogen-molecule pressure) near the
main plasma and in the lower chamber. The
vacuum time constants of this mass analyzer and
the ionization guages are -100 msec. The den-
sity of helium ions in the main plasma is obtained
with the increase of electron density n, with
helium injection. To simulate an ~-partjcle-
heated tokamak, the measurements are made
after the helium pressure reaches equilibrium
levels (~ 200 ms after the helium-gas puff). Fig-
ure 2 shoes the hydrogen and the helium partial
pressure as a function of density with and without
divertor. For diverted discharges, both the hy-
drogen and helium pressure at the lower chamber
are strong increasing functions of density and
reach values up to 4.1xlQ ' and 9.6x10 ' Torr.
Figure 2 also shows that the ratio of hydrogen
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pressure at the lower chamber to the pressure
near the main plasma increases with the increase
of density and this ratio attains values up to
-300 at high density. On the other hand, the
pressure of helium without a divertor is lower
by one order of magnitude than that with a diver-
tor. Hydrogen pressure at the lower chamber is
observed to be about the same as that near the
main plasma in the nondiverted discharges.

Figure 3(a) compares the increment in n, with
helium injection f'or discharges with and without
divertor. From this measurement, the concen-
tration of helium ions in the main plasma (de-
duced as LEi, /2) for diverted discharges is lower
than that for nondiverted discharges. For the
highest density diverted discharge, the concen-
tration of helium ions in the main plasma is
-1.6/z of n, . This result shows that helium pres-
sure of 9.6 &10 ' Torr is attained in the lower
chamber with a helium concentration of 8.2~10"
cm ' in the main plasma. The helium compres-
sion realized in the present experiment is large
enough to be applied to INTOR, where the helium
allowance of 5% of r7, (n, = 1.2 X10"cm ') is as-
sumed. If we simply scale the present experi-
mental results, a helium pressure of 7.1&10 4

Torr will be obtained in INTOR. The required
pumping speed becomes 7.0x10' l/s. This value
relaxes the presently proposed pumping speed

design for INTOR by a factor of 70.
There was some concern that most of the in-

jected helium particles are directly swept out to
the divertor region so that this experiment does
not simulate an n-particle-heated tokamak in
which helium is generated from the hot core. In
order to investigate this possibility, helium gas
is injected before the divertor is turned on. The
helium density in the lower chamber shows no
difference from the case in which helium atoms
are injected after the divertor is turned on.
Therefore, the experiments presented in this
Letter should simulate those in an n-particle-
heated plasma.

The helium enrichment is another key factor of
ash exhaust from the viewpoint of tritium inven-
tory. The helium enrichment factor, defined by

n =(&H./2&, 4, „ /(&H, /&, )
chamber pgg ma

is presented in Fig. 3(b) as a function of n, . The
helium enrichment factor is found to be almost
constant for variation in n„with a range of val-
ues 0.5 &g&1.0. This result shows that com-
pression of hydrogen and helium neutrals in the
lower chamber are similar. That is, neither
strong helium enrichment' ' nor impoverish-
ment' is found. In nondiverted discharges g is
found in the range 1.0 & q & 2.0, showing a slight
enrichment. It is difficult, however, to assess
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FIG. 2. Pressure of molecular hydrogen and helium measured at the lower chamber port vs electron density

with and without divertor. The ratio PH& measured at the lower chamber port to P H2 near the main plasma is
also shown. 1n a high-density divertor discharge, P~, reaches -1&& 10 Torr with a helium concentration of 1.6/o
in the main plasma. This result demonstrates the effective ash exhaust function of a divertor.
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FIG. 3. (a) The increment of electron density after
helium injection vs n, . (b) Helium enrichment factor
q defined by

I) = (PHe/2PHg)lc/(n He/ne )mp

is 0.5& n& 1.0 with divertor. (nH, derived by En, /2;
subscripts "Ic"and "mp" denote lower chamber and
main plasm@ respectively. )

the feasibility of a mechanical divertor from this
result since the pressure is measured far from
the limiter.

The high-density diverted discharge also pro-
vides strong accumulation of plasma density and
recycling at the divertor region. Figure 4 shows
the line-averaged electron density n, measured
in the vertical path, line-averaged electron den-
sity n, measured in the horizontal path at the

divertor (I = 67 cm), and the H„emission line
measured at the main plasma ag.d divertor as a
function of density. The nonlinear increase of
n, and H at the divertor were previously ob-
served' with the increase of density. A nonlinear
increase is not observed in n, (viewing path

V

located 52 cm away from the wall). The H„ line
emission has a peak at 10-13 cm from the wall
(observed through an H -selective filter by tele-
vision, and Zeeman line splitting of H„). Thus,
effective path length should be (-,'-~7) of 67 cm
for n, , [e.g. , n, (i=30 cm) =5&10"cm ' or
n, (7=67 cm) =2&10" cm '].

This accumulation of particles and recycling re-
sulted in strong radiative cooling at the divertor.
By increasing the n„ the radiative power in the
main plasma P„stays almost constant around
P„/Po "(20-30), while the remote radiation
in the divertor region P„„ increases up to P„„/Po

50 fp (Po is Ohmic input power). The measured
maximum radiative power density is -0.3 Wj
cm '. As a result of this strong remote cooling,
electron temperature T, is cooled to ~ 7 eV near
the divertor plate. From two-dimensional tele-
vision observation of the oxygen line emission
at the divertor region, the electron temperature
near the divertor plate is inferred to be -7 eV.
The neutral temperature near the divertor plate
is measured with Doppler broadening of the H

line, giving -2 eV. Since the mean free path of
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FIG. 4. Verijcal average density ne„, electron density at the divertor region (I = 67 cm), and H~ line intensity
along the central chord, and a chord through the divertor, vs n, . Nonlinear increase appears inngo~v and H at
the divertor and not inn~~.
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the charge exchange is short (&3 cm) when n,
& 5X10" cm ', the neutral temperature should be
equilibrated with the ion temperature near the
diver tor plate.

A one-dimensional heat flow equation along the
scrape off field line, with remote radiative cool-
ing P„by oxygen, was solved. The result
shows a sufficient cooling of the divertor plasma.
The equations are'

Vii(Ãii Viir, ) =P„, , V„(n, T, ) =0.
The boundary conditions of heat flow are -(B~/
B~ )SK„v~~~T,=Po -P„at the main plasma,
~Ã

Jf
V

(f T, = y I" T, at the divertor plate, where
K~~ is the electron-heat-conduction coefficient
for parallel flow, (B~/Bz, ) is the pitch of the mag-
netic field, S the cross sectional area of divertor
scrape off, y=7.8 and the particle flux I' (=0.3
Cs n, ).' Computations are performed for 1
oxygen contamination of n„and Po —P„=300 kW.
For the electron density at the edge of the main
plasma n, =1.2x10" cm ' (r7, -5x10" cm '), the
average P„, attains values -0.3 W/cm'. The
divertor plasma is cooled from 27 eV near the
main plasma down to 1 eV at the divertor plate,
while n, near the divertor plate reaches (0.5-5)
&10'4 cm '. If the radiation power is neglected,
T, and n, near the divertor plate mill be 12 eV
and 3.1 &10"cm '. In the low n, case of n, = 0.4
x10" cm ' (n, -2 x10" cm '), P„ is negligible,
and the T, and n, profiles are flat along the field
line. Accordingly, the remote radiative cooling
is effective in formation of the dense and cold
divertor plasma.

The ionization probability of neutral helium in
the divertor plasma was calculated with use of
the calculated n, and T, profile. The result
shows that 30-50% of helium neutral is ionized
in the low n, case, and greater than 90/q in the
high-density case. This calculation suggests that
the suppression of helium backflow to the main
plasma will be stronger in the high-density case,
due to the shorter ionization mean free path.
The frictional force exerted on the ionized hel-
ium will further suppress the backflow in the
high-density case. It therefore appears that the
dense and cold plasma formed by remote radia-
tive cooling provides an effective exhaust of
helium ash particles.

The conclusions are summarized as follows:

{1)Without any divertor chamber or divertor
throat, neutral helium is concentrated at the
divertor region with pressure up to 1.0&10 4

Torr with a helium concentration at 1.6'%%u~ of elec-
tron density in the main plasma. No strong en-
richment or impoverishment of helium is found
in the divertor region.

(2) Helium pressure in the lower chamber with-
out divertor is lower than that with divertor by
one order of magnitude.

(3) Helium ash exhaust is realistic in an o.-
particle -heated diverted tokamak.
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