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Abstract

Successful plasma build-up in W7-AS stellarator by neutral beams alone has been
described. A theoretical study is undertaken here in order to understand the problems
of plasma generation and to predict conditions for easier and faster plasma ignition.

When a hydrogen beam is injected into a stellarator which is filled with hydrogen
gas at low pressure a small part of the beam is ionized and leads to circulating hot
ions. The gas is 1onized by the beam as well as by the hot ions. The electrons produced
loose energy primarily in inelastic collisions with the hydrogen molecules present and
gain energy from the circulating hot ions. If the resulting electron temperature is too
low recombination with Hf molecules becomes so effective that a plasma cannot be
ignited.

The particle balances and the electron energy balance are solved to describe plasma
formation theoretically. The results show the somewhat surprising result that plasma
generation by beams is easier when the neutral gas density is low. It is therefore
necessary to start at low pressure and with well-conditioned walls.

1. Introduction

After plasmas could be generated by beams only in the W7-AS stellarator [1] it seemed
necessary to look into the elementary processes of plasma formation more closely in
order to get a guide for future improvements of the experiments. The results may be
important not only for stellarators but also for tokamaks where beams may be used to
save voltseconds during start up [2].

Section 2 describes the balance equations for the particle densities. In section 3 the
electron energy balance equation is solved. These tools are applied in section 4 to the
conditions on W7-AS where several conclusions are drawn. Section 5 compares two
pulses of W7-AS which demonstrate the influence of the wall conditions.

2. Particle balances

In this section the balance equations are solved for the different kinds of ions which
play a role in plasma formation. These ions are the hot ions formed by ionization of
neutral beam atoms, slow molecular ions HI and slow atomic ions H. Slow molecular
ions Hi are omitted because there are not enough data available for them. They could
slightly modify the results.

The low-density plasma formed at the beginning hardly decelerates the hot ions.
They are mainly lost by charge exchange with neutral gas. Production and loss of
hot ions approach an equilibrium much faster than the process of plasma generation.
Therefore the hot ion density may be written as

Oibg . Oxbl T Tib1 1 Oxb2 + Oib2 N2 Pyl
= — — ] . 1
Nh ( + + ) Vo (1)

Here ny, nq, ny and ng are the densities of hot ions, cold atomic and molecular ions
and of gas molecules, respectively. The o’s are the cross-sections whose first index
indicates the process (i = ionization, x = charge exchange), the second index the
starting particle, the third index the collision partner (b = beam, g = gas, 1 = cold
atomic ion, 2 = cold molecular ion, h = hot ion). The other variables are the neutral
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power P, , the interaction length between beam and plasma [, the beam energy FE,, the
plasma volume V' and the velocity of the fast particles vy.

The hydrogen gas in the vessel consists mainly of molecules. Only a few atoms
may be present. The main ionization processes therefore produce Hf and not H* ions.
Two electron collision processes compete with each other in the destruction of Hj:
dissociation into H + HT and dissociative recombination into two H atoms.

This gives the following balance equations for the cold-ion densities (assuming ny, <
Ne X Ny + TLQ)

) Pl
Ny = En—v(mgbng — oxb2n2) + (Tigh + Oxhg)Unnhng
n
+<Uige7)e>ngne - (<‘7rec7)e> + <Udiss7)e>> NeNy — 72 (2)
P,
7:L1 = _El—VJXblnl + <Jdissve> NeNg — % (3)
ne = ny+nyg, (4)

where 7 is the particle confinement time.

The gas density is the sum of the original gas filling ng o and that part of the beam
which is not gettered in the walls. If apeam gives the recycled beam fraction, the gas
density develops as

g = g0+ el Ba (2Ea V)t — (V/Vo) 3 + 1 /2) 8
(V = plasma volume, V, = vessel volume).

3. Electron energy balance
Friction of the electrons with the hot ions gives the following heating power density

Te N [ eV 1
VE, m3s’ m3’
The electron cooling power density due to inelastic collisions with hydrogen gas is

Pe, cool = e Ng L1, with the cooling rate Lu, = Y i(oive) AE; (7)

Poheat = D x 1077 eV] . (6)

(AFE; = energy loss connected with inelastic collision process 1).
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""" . Fig. 1: T, as determined from power

balance (equation (8)) for hydrogen as
a function of E7Y? (nn/ng).
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The balance of heating and cooling power gives the relation

eV m3]

S

1 nh

VEn ng

= 2x10° Ly, [ev,
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The cooling rate Ly, is calculated using all the relevant reaction rates listed in Janev
[3]. Lu, is a unique function of Te. It is thus possible to determine Te = Te(nn/ng) for
a given beam energy F,. The result is shown in Fig. 1.

4. Results

The coupled balance equations are solved numerically. The importance of the partic-
ipation of the electrons in the ionization process is shown in Fig. 2. A normal case is
compared in this figure with a fictitious case where electron ionization is switched off.
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The figure shows that it is virtually impossible to generate a plasma without electron
ionization. This calculation is done for the optimistic case apeam = 0 which can cer-
tainly not be sustained during a longer beam pulse. The heat load on the walls would
lead to outgassing.
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Fig. 3: Influence of the wall condition on
plasma generation. The temporal develop-
ments of ne, ng and T, are compared for
the cases Qpeam = 0 and apeam = 0.3. The
other parameters are the same as in Figure
2. The case apeam = 0.3 might resemble a
usual wall, whereas apeam = 0 may be o0b-
tained after a glow discharge.
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A comparison of two different wall conditions is made in order to see the effect of a
cleaning discharge. The case of apeam = 0.3 1s taken as a usual wall whereas apeam = 0
might resemble a freshly cleaned wall. The result is shown in Figure 3 which shows the
temporal development of n., n, and T, for the two cases. The initial growth of n, is
very similar in both cases. The neutral gas density, however, develops rather differently,
and so does the electron temperature. In case apeam = 0 the neutral gas density stays
constant in the beginning, then decreases so that 7, rises, electron ionization becomes
effective and the plasma ignites. In case apeam = 0.3 the neutral gas density rises so
strongly that T, stays low and a plasma is not formed. If in the experiment only n, 1s
measured, a reason for the different behaviour of the pulses cannot be recognized. If
T, 1s measured in addition, 1t will be seen that in the first case T, rises, whereas in the
second case it does not. If also ng would be measured, the reason for the failure in the
second case could be seen directly.

5. Experiment
An experimental verification of the influence of wall conditions on plasma ignition is
shown in Fig. 4. This figure compares two pulses of W7-AS where it was tried to create
a plasma with neutral beams alone. One shot was made before, the other one after
discharge cleaning. It was possible to ignite a beam plasma only after the walls were
well conditioned.
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