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Rate coeRcients in reacting strongly coupled plasmas
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A kinetic approach is derived to take into account nonideality effects in the rate coeScients of
plasmas. First results are given for a reacting hydrogen plasma.

The time dependence of the densities in a reacting plas-
ma is determined by rate equations. The coefficients in
these equations describe the different elementary process-
es, e.g., ionization by external pumping, impact ioniza-
tion, and recombination processes. Usually these
coefficients are considered to be independent of the densi-
ty. ' The corresponding rate equation then describes an
ideal plasma. At higher densities one may expect
nonideality effects which lead to a density dependence of
the rate coefficients.

It is known that explicit expressions for the rate
coefficients cannot be given by phenomenological
theories. The properties of the coefficients and especially
nonideality effects are essentially determined by the mi-
croscopic interaction between the particles. That re-
quires a strong foundation of the rate equation on the
basis of quantum kinetic theory. s

In our paper we will give a first calculation of nonideal-
ity effects in the rate coefficients of plasmas. We assume
the plasma to be dense enough that radiation processes
can be neglected. '

We start from quantum kinetic equations for chemical-
ly reacting systems which we have derived using the
method of nonequilibrium Green's functions. "' In
comparison with kinetic equations given in the litera-
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The ionization coefficients are given by

ture ' ' our equations take into account many parti-
cle effects, such as quasiparticle energies, medium depen-
dent scattering, and phase-space occupation effects. The
kinetic equations were derived for systems with two-
particle bound states in the case of short-range potentials.
Nevertheless, because the effective interaction in a
Coulomb system is short range due to screening we will

apply them to plasmas.
As an example we consider a spatially homogeneous

hydrogen plasma, consisting of electrons and protons
with densities n„nz and hydrogen atoms in the states j
with the densities n with nH g——n In .order to get a
rate equation for the densities one has to integrate the
corresponding kinetic equation with respect to the
momentum. A source term results from collision in-
tegrals due to the reactions
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Then the rate equation for the electrons can be written as
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For the recombination coefficients we have
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Here f,(p„t) (a =e,p) are the distribution functions of
the charged particles, F (P., t) is the distribution function

of atoms in the state j, and V is the volume. The three-
particle states are given by that of free particles

I p, ),
atoms

I PJ ), and ionized atoms
I Pp+ ), where

For the scattering energies, e.g., in the channels K =0, 1,
we have

e123 Xea(pa& ) & e123 Ea(Pa, t)+s, (P~t) ~

pPe ePp1=
m, +m

p=p, +0, . where the energies of the free and bound particles are

quasiparticle energies. They are given by
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The T matrices in (3) and (4) describe the corresponding
three-particle reaction processes in the nonequilibrium
medium. In general the different three-particle T ma-

trices are determined by
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According to scattering theory' the channel numbers

K,K' denote the different initial and final (asymptotic)
three-particle states. The scattering potentials are

V123 V12+ ~13+~23 & 123 12+ 13
0 1

etc., and the resolvent for three interacting quasiparticles
is given by

G(23(z) =(H'g3 z)

Here 6, and 6 are the energy shifts due to the inhuence
of the surrounding medium (E bound state energy).

In order to avoid the dependence on the momentum in
the shifts we will use thermally averaged quantities b,,(t)
and b, (t} in a first approximation. ' ' The electron dis-
tribution function is assutned to be Maxwellian. If reac-
tions due to proton impact are neglected' and the adia-
batic approximation (m »m, ) is used the ionization
coefficients are given by

with
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If energy conservation is used one gets the following relation between a and P'
P) ——A, exp[( E) —b, +6, +—b, ) Iktt T)aj .

In the following only ionization from the ground-state level shall be considered (j = 1).
After introduction of the cross section the expression for the ionization coefficient reads
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with I= —E, —5,+5,+5 being the effective ionization energy. cr", " is the cross section for ionization from the
ground level and is given by
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The calculation of the cross section is a difficult task be-
cause it involves the three-body problem. Therefore we

make some simplifications: the T matrix is considered in

the first Born approximation using Coulomb potentials
instead of screened potentials and for the ground state
and the scattering wave functions Coulombic ones are
used. Thus it is possible to follow the method of Bethe'
but additionally the quasiparticle energies shall be taken
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into account.
On the basis of the Bethe-Born approximation we pro-

pose the following formula:
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(as is the Bohr radius). If the many-particle effects con-
densed in the shifts are neglected (b,, =0, b i

——0) this for-
mula coincides with one formula of Biberman et al. ,
which is in good agreement with experimental results.

Inserting (12) into Eq. (10), one can perform the in-

tegration with the result
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where Ei(x) is the exponential integral function
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An expression for the recombination coefficient follows
immediately from (9),

P =A exp
!Ei I aideal pideal (14)1 e k T 1 1
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Therefore nonideality has only an effect on the ionization
coefficient whereas the recombination coefficient remains
unaffected in our approximation.

In order to calculate the ionization coefficient a1 from
the generalized expression (13) the quasiparticle shifts
must be known. Explicit results for these shifts were de-
rived on the basis of Green's-function techniques for
Coulomb systems. " It was shown that the bound-state
shift is only small and can be neglected in a first approxi-
mation. For the thermally averaged quasiparticle shift of
the free particles the following expression can be derived
in lowest order (nondegenerate case):

FIG. 1. Ionization coefficient for the ionization of hydrogen
atoms from the ground state as a function of the electron densi-

ty for different temperatures: (1) T=8000 K, (2) T = 10000 K,
(3) T =32000 K, (4) T =64000 K. The dashed lines indicate
the region where bound states cannot exist because of the shift-

ing into the continuum (Mott effect) (Ref. 17).

In a similar manner ionization coefficients may be
given for ionization processes from excited levels. Then
we have

aj ——aj "exp(ae /k&T),

where for the calculation of a' "' scaled cross sections
can be used.

If we neglect excited states using (14) and (16) the rate
equation reads

K8 (a=e p), (15} )le
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with K being the inverse Debye radius

tc =4mgn, e, /kit T .

In this approximation the ionization coefficient is given
by

at ——a'i "'exp(ae /kit T ) . (16)

Thus nonideality leads to a density dependence of the
ionization coefficient. The ionization coefficient is in-
creasing with growing density because of the lowering of
the effective ionization energy. In Fig. 1 the ionization
coefficient is shown as a function of the density for
different temperatures.
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In thermodynamic equilibrium (19}is a Saha equation for
a nonideal plasma. An interesting feature is that
corrections due to nonideality can lead to new properties
of the stationary states (e.g. , bistability). A reasonable
discussion of such effects requires further improvements
in the description of the strongly coupled plasma.

There are two effects in the rate equation caused by
nonideality. The velocity of the reaction as well as the
properties of the stationary states are changed. The sta-
tionary states follow from (18) and can be calculated from
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