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We describe a calculation procedure and present data on the rate of radiative
recombination of hydrogen in the plasma of quasistationary thermonuclear
installations (such as tokamaks). It is shown that in modern tokamaks the
concentration of the hydrogen atoms can be determined in a number of cases by
radiative recombination.

PACS numbers: 52.20. —j

The hydrogen atoms that are present in relatively small amounts in the
plasma of quasistationary thermonuclear installations (such as tokamaks) cause
an appreciable cooling of the ions. The main mechanism whereby the atoms
appear in the hot plasma is assumed to be their penetration into the interior of
the plasma from the walls as a result of cascade charge exchange with the hy-
drogen ions. The atom concentration in modern tokamaks, determined experi-
mentally and by calculation, i is n,(0) =10°~107 cm™ at the center of the
plasma and 7, (1) ~ 10!% cm=? at its boundary.

Under conditions of a sufficiently dense plasma with concentrations » 210
cm'3, it is necessary to take into account one more mechanism that causes the
appearance of atoms in modern tokamaks, namely radiative recombination,
However there are no experimental or calculated data on the recombination
cross sections at the electron temperature T, 21 keV typical for tokamaks,

We describe here a procedure for calculating the recombination rates in a
plasma with T,=1, 5—10% eV, and present the results, Estimates are made of
the concentration n, of the atoms produced as a result of this process, and these
values are compared with the concentrations n, of the atoms that penetrate into
the plasma from the walls,

The following expression is given in®1 for the recombination rate when elec~
trons are captured on all levels of the hydrogen ions:
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Here v, is the velocity of the electrons in the plasma, the angle brackets denote
averaging over a Maxwellian distribution, and I is the ionization potential of the
hydrogen atom (I=13,6 eV). The region of applicability of formula (1) was re-
stricted inf?? by the condition I/T,>1/32, i.e., to relatively low temperatures
T, <400 eV, Typical values for modern and next-generation tokamaks are
I/T,~10"2—10"%, We present below our calculation of the recombination rates
for a wide range of temperatures (from 1,5 to 10° eV),
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It is known that the recombination cross section for electron capture on the
1s level can be calculated exactly within the framework of nonrelativistic
quantum mechanics:
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Here m is the electron mass, % is Planck’s constant, ¢ is the speed of light,
¢ is the charge of the electron, v is the relative velocity of the atom and elec-
tron, and Z is the charge of the ion nucleus. In accordance with, B1 we can
connect the total recombination cross section g, with the cross section 0,(1s)
for recombination on 1s level:

o, =a,(1s)(1.20 + 0.28a). @)

Relation (3) is well satisfied in the range @ = 0—3, B corresponding to the tem~-
perature region T,ZZ?x1,5 eV, Taking (2) and (3) into accoutn, we obtain:
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We integrated Eq, (5) numerically, Figure 1 shows the results of our calcula-
tion of {o,v,) for hydrogen (curve 1) as a function of T,, as well as the values of
{©po calculated by formula (1) (curve 2). It is seen that both methods of calcu-
lating (U,ve) agree well in the region T,<32I, As to our calculation, it is valid in
the case of recombination of any ion with ionized 1s shell, The validity of the
calculation at high temperatures is restricted only by the need for introducing
relativistic corrections.
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FIG. 1, Depedence of the hydro-
gen recombination rate on the
plasma electron temperature,
Curve l—our calculation, 2—
calculation by formula (1), {2
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FIG. 2. Ratio of the atom concentration to the plasma concentration in the
central region of the plasma pinch of a tokamak as a function of the plasma

t emperature: 1—atoms of recombination origin, 2—charge-exchange atoms in
Tokamak-4 (2=6x10" ecm=, a=17 cm), 3—charge-exchange atoms in Tokamak-
10 (#=10" cm™, a=35 cm), 4—charge-exchange atoms in “Alcator” (=105
cm=3, a=8 cm), 5—~charge-exchange in reactor tokamak (=101 cm™ a=150
cm). The thick segments on curves 2—5 show the ranges of the working tem-
peratures of the corresponding tokamaks. The circles on curves 2 and 3 show
the experimental atom concentrations determined from the atom flux emerging
from the plasma. [1.8]

The calculated values of (o, can be used to estimate the concentration of
the hydrogen atoms produced in the hot plasma of thermonuclear installations
by radiative recombination:
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Here n is the plasma density, {o;,v, s the rate of ionization of the hydrogen
atoms by the electrons, (o;,v;) is the rate of ionization of the hydrogen atoms
by the protons, and v, is the relative velocity of the atoms and protons, Using
the known data on the rates of ionization by electrons™? and protons we can
plot the ratio n;’/n against the plasma temperature 7. Such a plot is shown in
Fig. 2 (curve 1), It is of interest to compare the atom concentrations n? with
the concentration n, of the atoms that have penetrated into the plasma as a re-
sult of cascade charge exchange. Solution of the kinetic equation for the distri~
bution functions of the tokamak-plasma atoms traveling from the surface into
the interior of the plasma pinch!®! yields the following expression for the atom
concentration na(O) on the plasma-pinch axis;

1.23x1017 6x10-14
pa(0) = ) —1. (8)
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Here a is the radius of the cross section of the plasma pinch of the tokamak, in
cm. Expression (8) was derived by using the fact that the atom density on the
plasma pinch boundary is na(l) =100 cm= (a typical tokamak value obtained in
numerous experiments), It is assumed that the atoms are incident on the plasma
surface with energy ~ 2 eV, The temperature dependence of the ratios "a/ n for
modern tokamaks, and also for the large reactor tokamak presently under de-
sign (see, e.g.,"), are shown in Fig, 2 (curves 2—5), Figure 2 shows that
tokamaks of Tokamak~4 size operate in regimes wherein the atom concentra-
tion is determined mainly by the gas exchange between the plasma and the walls,
In Tokamak~-10, and also in the reactor tokamak, the recombination can play

a noticeable role in the production of atoms in the plasma. In the American
tokamak “Alcator,” in which the plasma density is relatively high (z~ 10!
em™), 1 the atom concentration in the plasma is determined almost entirely

by recombination,

Thus, the plots of Fig. 2 show that when the material and energy balance of
the plasma of modern tokamak is considered, and account is taken of the role of
the atoms in both balances, it is necessary to take into account in a number of
cases the radiative recombination of the hydrogen

1A, B, Izvozchikov and M, P, Petrov, Fiz, Plazmy 2, 212 (1976) [Sov, J.
Plasma Phys. 2, 212 (1976)].

’L, A, Vaihshtein, 1,1, Sobel’man, and E. A, Yukov, Secheniya
vozbuzhdeniya atomov i ionov elektronami (Cross Sections for the Excitations
of Atoms and Ions by Electrons), Nauka, 1973,

3%V,1, Kogan, in: Fizika plazmy i problema upravlyaemykh termoyadernykh
reaktsif’ (Plasma Physics and the Problem of Controlled Thermonuclear Re-
actions), Moscow, Izd. Akad. Nauk SSSR, 1958, Vol. 3, p. 99.

‘W, L, Fite and R, T. Brackmann, Phys, Rev. 112, 1141 (1958),

W, L, Fite, R, F., Stebbings, D. G, Hummer, and R. T, Brackmann, Phys,
Rev, 119, 663 (1960),

0. V. Konstantinov and V.1, Perel’, Zh., Tekh, Fiz, 30, 1485 (1960) [Sov.
Phys. Tech, Phys, 5, 1403 (1961)],

"Yu., N. Dnestrovskil, D.P. Kostomarov, and S.E, Lysenko, Preprint IAE-
2494, Moscow, 1975,

A, B, Berlizov, N, L, Vasin, V.P. Vinogradov, E, P, Gorbunov, Yu. N,
Dnestrovskil, V.S, Zaveryaev, A.B. Izvozchikov, S,E. Lysenko, G,E, Notkin,
M. P, Petrov et al., Pis’ma Zh, Eksp. Teor. Fiz. 23, 502 (1976) {JETP
Lett, 23, 457 (1976)].

E. Apgar et al,, Sixth Intern. Conf, on Plasma Physics and Controlled Nu-
clear Fusion, Berchtesgaden, 1976, IAEA CN35/A5,

207 JETP Lett., Vol. 25, No. 4, 20 February 1977 Gordeev et al. 207



