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Abstract

For the reduction of helium ash in a fusion reactor, several methods have been proposed.
These methods are systematically discussed based upon the density balance of heliums, e.g.
the term of the helium flow from the divertor to the core plasma. In addition, it is shown
that the emission of heliums retained in the wall may largely enhance the helium ash level.
Then, the helium retention in the wall during the plasma discharge shot has to be sufficiently
reduced.

1. Introduction

In a fusion reactor, the reduction of helium ash concentration is one of most important
issues to achieve a burning plasma state with a long time period”. Since the helium ash
causes the fuel dilution, «-heating power becomes smaller than the energy conduction loss
power and then the ignition condition can not be sustained. If the helium ash concentration
is not sufficiently reduced, the term of the energy conduction loss has to be decreased, e.g. the
energy confinement time be lengthened. Since the energy confinement time, 7, is roughly
proportional to the plasma radius, a, the plasma size has to be enlarged to obtain the ignition
condition. Thus, the reduction of the helium ash is a critical issue to achieve the burning
plasma.

In a fusion reactor of a tokamak? or a helical type?, the helium ash is removed into the
vacuum pumping port placed in the divertor region. However, the pumping efficiency of the
helium is not sufficiently large, so that the additional methods such as the use of helium
selective pumping material® and the use of localized divertor? have been proposed. The
principles of these methods will be described based on the analysis for the density balance of
the helium, e.g. in term of the helium flow from the divertor to the core plasma.

In the case of the burning plasma, the plasma facing walls may largely retain the heliums
produced by the fusion reactions. The heliums may emit into the core plasma and then the
helium ash level might be enhanced. This process has not been taken into account so far.
The increase of the helium ash level due to this process is also discussed based on the density
balance of the helium.
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2. Density Balance of Helium Ash

In the single null divertor configuration shown in Fig.1, the helium densities in the core
plasma and the divertor , n. and ng, respectively, are expressed as

dn, 1 —R,

2
“pr

7 - He+ 1 Lov>= 0, (1)
dng _ Ve e v py_
dt - Vd e (1 Rc Rp) - O b (2)
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Fig.1 Single null divertor configuration.

where 7. is the helium confinement time, R. the ratio of the helium returning to the core
plasma from the divertor, npr the fuel deuterium and tritium ion density, <ov>, the fusion
reaction rate, V. and V4 the volumes of the core plasma and the divertor, respectively, and
R, the ratio of the helium pumped into the pumping port. From Eq.(2), we have

RetRp,=1. (3)
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The time constants of the helium for the inward flow and the flow into the pumping port, z4.c
and 7,.,, respectively, are defined as

7, 7,

< VR.= < Va
Te Td-c
Ne /2

< VeRp= < Va.
Tc Td-p

Then, we have

_ T ng Vg
Re= Tone Ne Ve “)
R,= Te Mg Vg (5)

Td-p e Ve

In a case that ny/n.=10, V4/V.=1/10, R,=0.9 and R, =0.1, the time constants, zy.. and z4..p,
become 74.c~1 * 17, and z4., =107, respectively. If z.=4s, 74.. and z,., are 4.4 s and 40 s,
respectively. The time required for the helium to be pumped is very long but the inward
flow takes place roughly within the time scale of the helium confinement time.

The helium ash concentration of the core plasma is obtained from Eq.(1). When the
total ion density is expressed as n, =npr+n,, the ratio of the helium density to the total ion
density becomes

g :_g'_cwnm((ﬂ/)f (6)
1—g 4 1-R.
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Fig. 2 Ratio of helium ash concentration versus ratio of inward flow, Rc.

The ratio of the helium density to the total ion density is plotted to the value of R, in Fig.
2. In this figure, it is assumed that =4 s, npr=2x%10%° m~ and <{ov>,=10"2 m®/s. The
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helium ash concentration largely increases as the ratio of the inward flow, R.. For example,
the value of g becomes ~20 % when R.=0.95. It is known that the ratio of helium ash
concentration has to be below approximately 10 %. In the case of ITERY, it is estimated
that Rc~0.9 and g~20 %. In this case, it is difficult to achieve the ignition condition and
thus the plasma size was determined to be enlarged in the recent Engineering Design
Activities, EDA. In the helical reactor, the connection length between the X point and the
divertor wall is relatively shorter than that of the tokamak. Then, there may be a possibil-
ity that the value of R, may become more close to unity. In order to reduce the helium ash
concentration, the reduction of the value of R, has to be conducted by using the additional
methods and/or by changing the divertor configuration. In the following section, several
methods are discussed in term of the value of R..

3. Methods of Helium Ash Reduction

One of the approach for the reduction of the helium ash is to enhance the friction force
of the plasma flow from the core plasma, since the inward flow of the helium can be pushed
back by the friction force. In order to enhance the friction force, the connection length has
to be long and the plasma density has to be kept high. The other method is to enhance the
pumping efficency, e.g. the value of R,. If the cryopump is employed instead of the turbo
molecular pump, the value of R, may be increased. In addition, if the baffle plates are
placed in the vicinity of the divertor, the pumping efficiency may be enhanced. Already
these considerations have been taken into account in the design of ITER but such the
reduction is not sufficiently large.

If the material which can selectively pump or trap only the helium is attached in the
divertor region, the inward flow of the helium may be largely reduced®. In this case, the
ratio of the inward flow is given by

R.=1—Ry,—R u, (7)

where Ry is the ratio of the helium trapped by the selective pumping material. Since the
helium in the divertor many times collides with the selective pumping material, the value of
Ry can be taken larger than 0.1. Then, the helium ash concentration in the core plasma may
be able to be reduced to ~10 %.

The other additional method is to place several localized limiters with the pumping port
such as the ripple limiters®. A fraction of the helium flow from the core plasma into the
scrape-off layer can be removed by these localized divertors, and then the helium density in
the divertor can be reduced. The ratio of the inward flow in this case becomes

Rc: 1 _Rp_Rad, (8)

where R, is the ratio of the helium pumped into the ports in the vicinity of the localized
divertor. Preliminary analysis showed that R.q~0.49. Thus, the ratio of the helium ash
can be largely reduced, e.g. g~6 %.
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4., Effect of Heliums Retained in Walls on Helium Ash Concentration

The plasma facing walls can trap the heliums produced by the fusion reactions. During
the discharge shot, these heliums may be desorbed both by ion/neutral impact desorption and
the thermal desorption. In this section, these processes are taken into account in the density
balance of the helium. If the plasma is sufficiently detached from the first wall, a major
process of the helium desorption is due to the charge exchanged particles produced by the
reaction between the neutral atoms and the plasma ions of the scrape-off layer. Thus, the
density balance for the helium of the core plasma is given by

dn. 1—R,

_ 7 br
a - ety

ov s+ el cxs (9)

Fig.3 Emissions of heliums retained in the first wall and the divertor.

where '™ npr®°ne{ov>egex (2A/2a) is the helium flow due to the charge exchanged particles,
f.=exp(—Ane{ove>i/Vye) the fraction penetrating into the core plasma as shown in Fig.3,
np > the plasma density of the scrape-off layer, n,=3.5 X 10%#*P,(Torr) m~ the neutral atom
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density, {ovD¢ the charge exchange rate, g.. the ratio of impact desorption, A the thickness
of the scrape-off layer, n, the electron density of the scrape-off layer, {ove>; the ionization
rate and vy the velocity of the emitted helium.

The helium density of the divertor may be expressed as

dnd

At - %(I—RC_RP) +f:tix+Fdesa (10)

where fy=1-f¢, Tyes = 'w + Tion the helium flow emitted from the divertor, I'y the helium flow
due to the thermal desorption, Tion =npr VeZion/ Vator the helium flow due to the ion impact
desorption, gion the ratio of the impact desorption and z,r the ion confinement time. If the
divertor wall temperature is not elevated, it is regarded that I'y= 0.

In a case of steady state, Eqs.(9) and (10) become

- Te  (MDr
Ne= 1~Rc ( 4 <G‘U>f+]€3pcx), (11)
Re=1—R,+ ; (AT et Tion) . 1)

The terms with the underlines are due to the heliums emitted from the wall. These terms
have to be much smaller than those in the case without the helium emission. When f.~0.1,
Npr >0 /npr =1/4, <ov>;=1072* m?¥/s, <6V>ex~10"1 m¥/s, mpr=2 s and V./V=10, these condi-

tions become

GenPo K107 (Torr),
ion<K 5X 1074,

If the neutral gas pressure, Py, is 107%Torr, gex O Zion has to be much less than ~10-%,  This
example shows that the ratio of ion or charge exchanged particle desorption should be kept
extremely small. Then, the amount of the retained heliums in the wall has to be very largely
reduced. In the case of ITER, the divertor wall temperature is estimated to be approximate-
ly 300 °C. Even if the heliums are trapped in the wall, there may be no problem only when
the heliums thermally desorb at the temperature less than 300 °C. In order to avoid the
helium emission from the wall, the material in which the helium can be thermally desorbed
at the temperature less than the operation wall temperature, is desirable.

5. Summary

The density balances of the helium in the both the core plasma and the divertor are
analyzed and then the schemes how to reduce the helium ash concentration are discussed.
For the reduction of the helim ash concentration, the additional method is necessary in
addition to the poloidal divertor. It is indicatated that the use of helium selective pumping
material or the use of localized diertors may largely decrease the inward flow of the helium,
e.g. the helium ash concentration.
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The emission of the helium retained in the wall may largely enhance the helium ash
concentration. Thus, this helium retention amount has to be kept extremely small by the
choice of the material and/or the baking/operation temperature.

Acknowledgment

The author acknowledges the encouragement by Prof. T. Yamashina, Hokkaido Univer-
sity.

References

1) IAEA Conceptual Design Report, ITER Document Series, 18, IAEA, Vienna, (1991).

2) A.liyoshi and K.Yamazaki, The Next Large Helical Devices, Invited Paper of 36th APS
Meeting(Minneapolis, Nov. 7-11, 1994), Report of National Institute for Fusion Science, NIFS-323, (1994).

3) T.Hino, H. Yanagihara and T. Yamashina, Fusion Eng. and Design, 24(1994) 437.

4) T.Hino, Fusion Eng. and Design, 30(1995) 299.



