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One of the methods of heating plasma ions in modern closed magnetic traps
is by injecting into the plasma fast hydrogen atoms with energies of several
tens or hundreds of keV [1, 2, 12, 13]1. The fast neutral atoms are produced by
neutralization of an ion beam in a charge-exchange gas target. When these neu-
tral atoms enter the plasma they are ionigzed, captured in a trap, and transfer
energy to the plasma particles, which maintalin this energy during a character-
istic time Tg- It is shown in the present article that replacement of the

hydrogen atoms by 1lithium atoms having the same energy makes this plasma heat-~
ing method much more effective and preferable for use in exlisting experimental
setups and 1n those under construction. Let us consider the main factors that
determine the effectiveness of this method of plasma heating.

1. The rate of energy transfer from a fast ion w1§h energy W to ions and
electrons of a plasma is given by the relations [3,

aw A}/Zz2n’_ (1)
—_—— =-18:10"7 ————  eV/sec,
de,, Wi/2p

i 2
dw - Z2aWL 2

= _32.10-9 =" eV/sec, (2)

dt, A T3/2

ie 1'e

where A; and Z are the mass number and charge of the fast ion, AZ is the mass

number of the plasma ions, L is the Coulomb logarithm, M and m are the masses
of the proton and of the electron n is the plasma concentration in em™°, and
Te is the electron temperature (we assume below that A, = 1 and L = 15 [3]).

The limiting energy at which dW/dtii = dW/dtie is [4]
W, ~ 16T A, (3)
When W < W, the fast lons transfer energy predominantly to the plasma ions,

and when W > W, to the electrons. The time of cooling of the fast ion to W =
T, Te is [12]

JJ
w dW A1T3/2
r=- ~ 2,107 In[1+ (W/W,)3/?] ()
o dW/dt 22

It is necessary to substitute in (1) - (4) A, = 72 = 1 for protons, and Ay = 7
and 7 = 3 for lithium i1ons (it is easy to see that the time that the lithium

1)The relations used in (2] are in error, since they determine the relaxa-
tion time of the translational momentum of the fast ion, and not the energy re-
laxation time.

2) W < A MT_/m.
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atom loses the entire electron shell in a plasma with Te = 1 keV is negligibly

small compared with the cooling time; the cross section for the detachment of
the first electron by the plasma electron is o, = 6 X 107 em?, that of the

second is ~v3 x 107'% cm?

second [5, 67).

, and of the third is practically the same as of the

2. The range of the neutral atoms prior to ionization in the plasma is

A :(””i : ner)—I , (5)

v
[

where Ge and Gi are the cross sections for the ionization of the atom (velocity
Vo) by the plasma electrons (velocity v, > ve) and ions. The values of oy and
O for the lithium atoms are 3 - 6 times larger than for the hydrogen atoms [5,

71, and the velocity ve (at equal energy) is smaller by a factor 2.7. The
lithium atoms have therefore a much lower value of A.

3. The efficiency of neutralization of the ion beam in the charge-exchange
target is (1 + 091/010)~}, where 019 and 0o; are the cross sections for the neu-

tralization of the ion and stripping of the atom by the target atoms. 0y,
amounts to “10~'® cm? [8 - 10]. 010 decreases rapidly with increasing ion
velocity [8 - 10], as a result of which the neutralization efficiency at W =
100 keV does not exceed 0.2 in the case of the hydrogen ion [8] and amounts to
vl in the case of the lithium ion (on K, Na, and Li wvapor) [9 - 10].

Let us consider now a typical trap of the Tokamak type [11] (n = 5 x 10!3
em™3, Ti b Te ~ 1 keV, Te = 10 msec, minor diameter of the torus d < 40 em. It
is required to heat the plasma ions to a much higher temperature, but naturally
under the following conditions: the ion heating time 1s smaller than or equal to

Tg o the range of the injected atom prior to ionization in the plasma is 2 < d

(it is assumed that the productivity of the ion source, if utilized fully
enough, is sufficient to heat the plasma). Let us consider first the "lithium"
variant of heating at W = W, = 110 keV. In this case, according to (4), the
1ithium ions will transfer within a time v = 8.5 msec < Te the greater part of

thelr energy to the plasma ions. According to (5), the length for lonlization
(capture in the trap) of the lithium atoms (v, = 1.8 x 10% cm/sec, o, = L x

1078 cem? [7], Og = 6 x 10'7 em® [5]) 1s A = 20 em < d. In the "hydrogen"

variant of heating, at the same energy W z 110 keV, it is the electrons that
are mainly heated, according to (1) - (4) (with a characteristic time T = 50
msec >> Te). The rate of plasma ion heating will be smaller in this variant

by a factor 24, and within the energy time To only about 4% of the energy of

the fast protons captured in the trap will be transferred to the plasma ions.
The coefficient for the capture of these particles in the trap also turns out
to be small, since (at v, = 4.7 x 10° cm/sec, o, = 1.4 x 1078 cm?, o, = 1 X
107Y7 em?) [7]1, according to (5), A = 110 cm >> d. In addition, the coeffi-
clent of neutralization of the ion beam in this variant amounts to only ~0.2.
Consequently, the efficiency of the "hydrogen" variant of heating in a typilcal

experimental situation is quite low.

Thus, the main factors that determine the efficiency of the considered
plasma-heating method turn out to be much more favorable 1n the "lithium"
variant of the method. This variant is therefore preferable for use in the
existing installations of the Tokamak type and those under construction.

79



[1]
(2]
[31
[4]

i [ Y o
=0 oo~ O\
[an ) [, |

rii]

[12]
[13]

I am grateful to B.A. Trubnikov for discussions.

C.F, Barnett et al., Plasma Phys. and Contr. Nuclear Fusion Research,
Vienna, 1971, Vol. I, p. 347. '

D.R. Sweetman et al., Plasma Phys. and Contr. Nuclear Fusion Research,
Vienna, 1971, Vol. IITI, p. 393.

L.A. Artsimovich, Upravlyaemye termoyadernye reaktsil (Controlled Thermo-
nuclear Reactions), 2nd ed., pp. 61 - 62, Figmatgiz, 1963.

D.V. Sivykhin, Voprosy teorii plazmy (Problems of Plasma Theory), M.A.
Leontovich, ed., Vol. 4, p. 111, 1964.

R.H. McFarland, Phys. Rev. 139, 1A, 40 (1965).

Moores and H. Nussbaumet, Journ. Phys. B3, 161 (1970).

Catlow and M.R.C. McDowell, Proc. Phys. Soc. 92, 875 (1967).
Fedorenko, Zh. Tekh. Fiz. 40, 2481 (1970) [Sov. Phys.-Tech. Phys. 15,
(1971)1.

Allison et al., Phys. Rev. 120, 1266 (1960).

. Pivovar et al., Zh. Eksp. Teor. Fiz. 57, 432 (1969) [Sov. Phys.-JETP
0, 236 (1970)1.

L.A. Artsimovich et al., Plasma Phys. and Contr. Nuclear Fuslon Research,
Vienna, 1971, Vol., I, p. 343.

T.H. Stix, Plasma Phys., 14, 367 (1972).

G.G. Kelley et al., Nuclear Fusion 12, 169 (1972).

T
. q . - .

whHhnH=Z2agy
s O e e o

l

80



