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The helium ash enrichment function of a divertor has been
experimentally demonstrated. Helium atoms accumulate in the divertor
region, as the electron density of main plasma increases. With a helium
allowance of 1% of electron density in the main plasma, neutral helium at
the divertor region is as high as 3.6 x 10~ Torr. A factor of 2.4 helium
enrichment in the divertor region was also observed. This experiment indi-

cates the possibility of helium ash exhaust in an alpha—heated, diverted

tokamak using practical-sized pumping ducts.
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Helium ash exhaust is one of the most important issues in thermonuclear
fusion research. The alpha particles will, unless exhausted, dilute the
fuel particles and deteriorate fusion reactivity since total particle den—
sity is limited by the maximum available B. A simple divertor is proposed
for the INTOR tokamak by Shimomura et al.,l”3. Their calculation showed the
helium pressure at the divertor plate to be 1 x 1073 Torr, the pumping speed
then required becomes 5 x 105 &/s, which is an engineering possibility.
Helium enrichment is also important from the viewpoint of tritium

inventory.

We wanted to test the feasibility of using a divertor to concentrate
neutral helium by experiments in diverted plasmas in Doublet 11145, Figure
1 shows the experimental setup. The diverted plasma is formed in the upper
half.of the Doublet IIT vacuum vessel. This simplified divertor has the
divertor coils outside the vacuuﬁ vessel énd there is no special divertor
chamber or divertor throat. Helium gés is injected inte the vacuum vessel
from the upper port in a pulse of 5 msec duration at ~ 600 msec in the dis-
charge. The discharge lasts for 900 msec. The amount of helium gas cor-
responds to a helium particlé density of 4.1 x 1012 cn~3 if distributed uni-

formly in the plasma.

A quadrupole mass analyzer installed at the bottom chamber is used to
monitor neutral helium density dﬁring and after the discharge. The vacuum
time constant of this mass analyzer syétem is ~ 100 mséc. An ionization
gauge was used to detect the totalApressure (hydrogen molécule pressure) in
the lower chamber. Figure 2 shows the density dependence of the total, and
helium partial pressure with and without divertor. Both the total and
helium pressure are strong increasing functions of electron density. This

experiment was done with a constant amount of helium injection. The amount
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of helium in the main plasma decreased while the helium pressure in the
lower chamber increased (Fig. 3). The maximum observed pressure of helium
was 3.6 x 1072 Torr, wifh a helium allowance of 1% of electron density in
the main plasma. This result shows that ash exhaust is realistic in an
alpha-heated, diverted tokamak, with a practical-size pumping system. The

pressure of helium without divertor is lower by one order of magnitude than

that with divertor.

Helium enrichment is also an important problem from the viewpoint of
tritium inventory. The helium enrichment factor, defined by:

n = (PHE/PHZ)lower /(nHe/ne)plasma
chamber

is presented in Fig. 3 vs. electron density in the main plasma. This figure
shows that helium is enriched in the lower chamber by a factor of 2.4 (a
factor of 1.2 in addition to a gain by a factor of two due to the definitionm

of n) in high density diverted discharge.

There was some concern that most of the injected helium particles were
directly swept out to the divertor region so that this experiment did not
simulate an alpha—heated tokamak in which helium is generated from the hot

core. In order to investigate this possibility, helium gas was injected

before the divertor was turned on. The helium density in the lower chamber
showed no difference from the case in which helium atoms were injected after
the divertor was turned on. Therefore, the experiments presented in this

letter should simulate those in an alpha-heated plasma.

The physical phenomenon of the helium removal function of a divertor
appears to be basically the same as the suppression of impurity backflow

from a divertor to the main plasma as demonstrated in DIVAZ, ©. The possi-
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ble mechanisms for helium concentration at the divertor are: localized
recycling, friction force, pre-sheath field and temperature gradient along
the field line. We will present experimental observations related with

these mechanisms.

Recycling of heiium is localized at the divertor region. The raties of
helium line intensities along the chord through the divertor to that along.
the gentral chord are shown in Fig. 4. From this figure it is clear that
recycling of helium is localized in the divertor region and 1s even more
concentrated in high denéity discharges. Helium backflow to the plasma,
particularly near the divertor is suppressed by the friction force due to
collisions with protons flowing along the field line. Electron density at
the divertor region measured with a 2 mm microwave interferometer is > 5 x
1013 em3 in high density diverted discharges. A doppler brdadening mea-
surement of Hy light at the divertor indicates that ion temperature is ~ 2
eV in high density discharges. Assuming that the electron temperature is
close to the ion temperature, the plasma is very collisional at the divertor
region. The flow velocity of helium atoms was measured by a time—of-flight
measurement with Hel line~filtered photodiodes; one looking through the cen—
tral chord, and the other looking at the divertor. The flow velocity of
helium was close to the proton flew velocity, (~ 0.3 Cg, Cg is ion sound
velocity), which supports the hypothesis that plasma is collisional at the
edge region. Localized recycling and friction force must be important since
momentum transfer time from helium to proton is less than.O.l usec and tran—
sit time to the divertor plate is several tens of microseconds, for parti-

cles recycling near the divertor.

If we consider helium preséure balance in a long distance range along

the field line, friction force may not be important because the helium flow
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veloeity is very close to the proton flow velocity except at the very ini- .
tial stage of travel along the field line. Helium concentration is possible
even if the friction force is not strong. The presence of a pre—sheath elec-—
tric field and temperature gradient along the field line is a possible
mechanism. When the ion temperature at the divertor is ~ 2 eV, the ion tem-
peratufe measured by a doppler broadening of the Balmer beta line is ~ 20 eV
along the central chord. If we assume that the electron temperature is
close to the ion temperature, this result shows the presence of an electron

temperature gradient along the field line.

Let us consider the pressure balance along the field line for fully

stripped helium species.

-V P + 2en E = 0
I o a |

where P,, e, ngy, Ej| are the pressure of fully stripped helium, electronic
charge, density of fully stripped helium, and the electric field along the
field line. Here, friction force is assumed to be negligible. Ej; is a pre-
sheath fieldz, which is necessary to equate the flow of electrons and ions

along the field line. From the equation above,

P - P + 2e(na2¢ = 0

w2~ Fal 2 " " ®)

where & is the electrostatic potential, and the subscripts 1, 2 mean the

edge region near the main plasma, and the region near the divertor plate.

Since @2 ~ 3 Tez (sheath potential) , and @l ~ ¢2 + Tel , We get
n T
_a2 3 el L % L7 i assumed)
n 7 T 7 i e
al e2
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where T, is the electron temperature, and Tj ig the ion temperature. This
equation indicates that if the temperature is lower near the divertor
region, fully stripped helium should be denser there than at the edge of the

main plasma.
The conclusions are summarized as follows:

1. Without any divertor chamber or divertor throat, neutral helium is
concentrated at the divertor region up to 3.6 x 1072 Torr with a
helium allowance of 1% of electron density in the main plasma.

Helium enrichment by a factor of 2.4 is also observed.

2. Helium pressure without divertor is lower by one order of

magnitude than that with divertor.

3. Helium ash exhaust is realistic in an alpha-heated, diverted

tokamak.

The authors would like to acknowledge Drs. Y. Shimomura, K. Burrell, S.
Konoshima, T. Takizuka, A. Mahdavi, and N. Ohyabu for their stimulating dis-
cussions. It is the authors' pleasure to express their gratitude to Dr. J.
DeBoo for his helpful suggestions and preparation of the impurity injector
system, and Drs. J. deGrasgsie and T. Hirayama for their useful comments on
neutral density measurement. The diagnostics group led by Dr. R. Fisher,
and the operations group led by Dr. R. Callis are acknowledged for their
constant support in the experiments carried out on this subject. The
authors would like to express their sincere gratitude to Dr. T. Ohkawa in
General Atomic and to Drs. N. Fujisawa, M. Yoshikawa and Dr. S. Mori for

their continuing encouragement throughout this work.



JAERI-M 9470

REFERENCES
1. Y. Shimomura, et al., Japan Atomic Energy Research Institute Report,
JAERI-M8294 (1979).
2. 7. Takizuka, et al., in Proceedings of the Eighth International Con-—

ference on Plasma Physics and Controlled Nuclear Fusion Research, Brussels,
1980, IAEA-CN-38/%-2-1. [In this paper, the electrostatic potential of a
pre-sheath field is shown to be ~ Tg with a collisionless model. The same
result can be deduced by solving a pressure balance equétion with a thermal
force term, for a collisional plasma.]

3. Y. Seki, et al., Nucl. Fusion 20, 1213 (1980).

4, M. Nagami, et al., Nucl. Fusion 20, 1325 (1980).

5. M. Nagami, et al., in Proceedings of the Eighth International Conference
on Plasma Physics and Controlled Nuclear Fusion Research, Brussels, 1980,
LAEA-CN/02.

6. M. Nagami, et al., J. Nucl. Mat. 76 & 77, 521 (1978).



JAERI-M 9470

FIGURE CAPTIONS

FIG. 1 Cross—sectional view of the Doublet-III vacuum vessel and the
location of the diagnostics, and gas injection system. Diverted plasma is
formed in the upper half of the vacuum vessel. Note that divertor coils are

outside the vacuum chamber and there is no divertor chamber or throat.

FIG. 2 The helium pressure and total pressure (hydrogen molecule
pressure) in the lower chamber vs. electron density in the mainlplasma, with
and without divertor. The solid, and open circles denote helium, and total
pressure with divertor. The solid, and open triangles denote helium, and

total pressure without divertor. The amount of helium injection was kept

constant.

FIG. 3 The fraction of helium density to electron density in the main

plasma (open circle), and the helium enrichment factor n (solid circle)
[n = (pHe/pHg)lower /(g /0 dnain plasmal Vs. electron density of the main

L chamber
plasma.

FIG. 4 Line intensity ratio of HeI, Hell lines loocking at the divertor,

and through the central chord vs. line—averaged electron density of the main

plasma.
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