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Abstract

In an accident event where the cooling system of first wall of the ITER
fails, the first wall temperature continues to rise as long as the ignited
state of the core plasma persists. In this paper, a passive shut-down
scheme of the ITER from this accident by evaporated Be from the first

wall is examined. It is shown the estimated Be influx 5 1024/560 is
sufficient to quench the ignition.
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Introduction

In an accident event where the cooling system of the first wall of the
ITER[1] fails, the first wall temperature continues to rise as long as the
ignited state of the core plasma persists. It is estimated that the Be coated

on the first wall will be evaporated at the rate of 5 10%%/sec if the first
wall temperature reaches 1000K[2]. It is expected that this Be influx
cools down the plasma and quench the ignition. In this paper, we examine
this passive shut-down scheme of the ITER.

Energy losses in SQL

We assume Be vapors are injected at the rate of NBe=5 1024/sec toward
the plasma. The evaporation rate is a very steep function of the first wall
temperature and a small temperature increase can double this number.
The evaporated Be are ionized in the scrape off layer(SOL) plasma and
most of Be ions are swept into the divertor chamber, while a small
fraction diffuses into the core plasma. Let the SOL thickness d and the
electron density before the Be injection neg and temperature T. SI unit is
used except the temperature is measured in eV.

Be ion density npe § in SOL is obtained from a balance of Be input into

the SOL and parallel particle loss along ficld lines:

1] ng. o= NBe/( 2 2nVe a d v/q)

where a is the minor radius of the plasma, € is the elipticity and v is the
thermal speed of the Be ions and q is the safty factor in the SOL.
Figure[1] shows the Be ion density vs. SOL temperature. Here we take
a=3m, €=1.6 , d=0.2m and g=3..

The ionization degree and ionization and energy losses are calculated by
using APDAK atomic physics package[3]. This package is able to calculate
the ionization and recombination rates and radiation energy losses for any
atomic species. The accuracy of the code for Be case is compared to more
elaborate atomic physics calculations in Fig.[12] of reference[4]. The
agreement is very good above the electron temperature T>15 eV. Below
15¢V, radiation reduction due to collisional de-excitation is important
which the APDAK code does not take into account.

The average charge number of the Be ions calculated by the code is
shown in Fig.[2]. Here we take into account particle losses along the
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field lines in the Corona equilibrium calculation.

Total SOL electron density 1s given as
(2] ng to=ne S+<Z>npe S,
which is plotted in Fig.[3]

A Be atom has 4 electrons whose ionization potential are
(9.32,18.21,153.89,217.71) eV. The Be is fully ionized for T>50eV, then

the energy required to ionize 3 10%4/sec Be influx amounts to 320MW
which is more than the alpha particle heating power (300MW) in the
standard ITER operations.

The energy required for Be ions and electrons to gain the temperature T
is given by

[3] Etherm = N, (1+<Z>) 1.5kqT.

The energy flow to the divertor chamber is given by

[4] Eflow = (g ot + npe.s) 2 v/ q2mave d 1.5kgT,

where the heat conduction energy losses are not included. If we neglect
ne,S in Eq.[4], we notice Eflow=Etherm.

Ionization energy loss by Be is shown in Fig.[4] as a function of T.
Eflow and Etherm are shown in Figs.[5] and [6].

The energy loss due to radiation processes 1s obtained from
[5] Erad =ng gor NRe g 2mave 2rRg d Frad(T)

where Rp=8m is the major radius and Frad(T) is the Be radiation energy

loss for unit electron and Be densities. Frad(T) and Erad are plotted in
Fig.[7] and Fig[8],respectively.

Total energy loss Eion+Efilow+Etherm+Erad is plotted in Fig.[9].

The energy loss in the SOL exceeds 300MW/sec except inside a narrow
region around T=10eV. As noted earlier, the APDAK calculation gives
overestimate of the radiation loss in this region. Fig.[10] shows the
energy loss in the SOL around T=10eV. Here the reduction of the
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radiation energy loss by a factor of about 200 due to the collisional de-
excitation is taken into account. From Fig.[10], it looks there may exist an

equilibrium with T=10eV and n =2 10%%/m3 (See Fig.[3]), in the

presence of the heating power 300MW from the core plasma. However,
such a low temperature SOL can not sustain H-mode and the H-L
transition will kill the ignition.

Be influx in to core plasma

Let us now estimate the Be diffusion flux into the core plasma. As for the
cross field diffusion coefficient of Be ions in the SOL, we consider the
(1) Bohm diffusion and (2) neoclassical diffusion.

The influx of the Be into the core plasma is estimated as
[6] NBe p = Ddngg g/dr S=D np, s/d 2nR() 2ra Ve
where D is the diffusion coefficient.

As the maximum allowed Be fraction for the ignition, we take 0.1.
For the core ion density 1020/m3, the maximum aflowed Be density is
1019/m3.

Define the critical Be fraction to penetrate into the core plasma by
[7] Belimit = 1019/(Np, 7,/(ra?Ve 21R()))=0.0001

where the denominator means the Be density in the core plasma when all
the Be ions enter the core plasma. Tp is the particle confinement time for

which we take 5 seconds(same as the energy confinement time). Fig.[11]
shows the Be fraction to enter the core plasma Ng, P/N Be for the Bohm
diffusion coefficient D=T/ 100(m2/sec)‘ In the figure, lower line is the
critical Be limit line.

The same calculation is done for the case of neoclassical diffusion case.
Fig.[12] shows the neoclassical Hazeltine-Hinton diffusion coefficient.[5]
Fig.[13] shows the Be fraction to enter the core plasma for the
neoclassical diffusion coefficient case. The lower line is the critical Be
fraction limit line.

From Fig.[11] and [13], we conclude that the Be diffusion into the core
plasma is sufficiently large to quench the ignition even for neoclassical
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diffusion.
Discussion

We have shown that the energy loss by the Be ions exceeds the alpha
particle heating power, if the SOL temperature is greater than about
20eV.(Fig.[10]). We could not exclude a possibility that an equilibrium
can exist where the SOL temperature 1s about 10eV. However, such low
temperature SOL will cause the H-L transition which quenches the
ignition.

The diffusion of Be ions into the core plasma can also cause the
quenching of the ignition. By assuming 10% Be concentration in the core
plasma inhibits the ignition, we have shown that the Be diffusion is
sufficiently large for the Bohm diffusion coefficient and exceeds the fatal
Be concentration 10% for every temperature range.(Fig.[11] } Even the
neoclassical diffusion is sufficiently large. (Fig.[12]).

We have deliberately estimated the effects of Be influx as conservatively
as possible ,since we are concerned with safety of the ITER :

(1) SOL width is taken d=0.2m. In the standard ITER condition, d is
about 0.05m.

(2) Heat conduction loss is neglected.

(3) Power input to the SOL is taken 300MW. In fact , it is about 230MW
after subtracting Bremstrahlung loss.

(4) The particle confinement is taken 5 sec which is the same as the
ITER's energy confinement time. Usually, the particle confinement time
is several time greater than the energy confinement time.

(5) The fatal Be concentration to quench the ITER ignition is taken as
10%. The "PRETOR" simulations give the Be fatal concentration less
than 5%.
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Figure Captions.

Figure 1. SOL Be ion density(1020/m3) as a function of the SOL
temperature.

Figure 2. The average charge number of the Be ions as a function of the
SOL temperature.

Figure 3. The sol total electron density as a function of the SOL
temperature.

Figure 4. Be ionization energy loss as a function of the SOL temperature.

Figure 5. Flow energy loss to the divertor as a function of the SOL
temperature.

Figure 6 Thermal energy loss as a function of the SOL temperature.

Figure 7. Be radiation energy loss per unit Be and electron densities as a
function of the SOL temperature.

Figure 8. Radiation energy loss as a function of the SOL temperature.
Figure 9. Total energy loss as a function of the SOL temperature.

Figure 10. Total energy loss around T=10eV. Here the reduction of the
radiation loss due to collisional de-excttation is taken into account.

Figure 11. Be fraction to enter the core plasma as a function of the SOL
temperature. Bohm diffusion case. Lower curve indicates the fatal
fraction of Be in the plasma to quench the ignition.

Figure 12. Neoclassical diffusion coefficient in the SOL.
Figure 13. Be fraction to enter the core plasma. Neoclassical diffusion

case. Lower curve indicates the fatal fraction of Be in the plasma to
quench the ignition.
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