Lecture 5. Definition of the plasma composition in equilibrium state

                    glossary
Equilibrium state - равновесное состояние
Ground state - основное состояние
Bound state - связанное состояние
Bounded electrons -связанные электроны
The equation of the acting masses - Уравнение действующих масс
Ionization constant - константа ионизации
The Saha equation - уравнение Саха
The most natural way of creation of plasma consists in heating up gas to high temperature. Thus gas particles, possessing high kinetic energy, at collisions with neutral atoms break electrons from nuclear orbits, gas is ionized and a mix of neutral particles, ions of different frequency rate of a charge and electrons arises. Clearly, what degree of ionization of plasma depends on temperature and concentration of initial gas, but how? It is possible to give the universal answer if to assume that warm ionized gas is in an thermodynamic equilibrium condition. Thus it is possible to use methods of statistical physics and to consider ionization process as a chemical reaction, having demanded a minimum of thermodynamic potential in an equilibrium state.

Let's consider system of electrons, ions and atoms of hydrogen in which there are ionization reactions by the electron impact:
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Free energy as well as other thermodynamic values, is function from number of particles of each sorts:
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Here 
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- numbers of free ions, free electrons and free atoms accordingly. Total number of electrons (ions), both free, and bounded, we will denote
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Total numbers 
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 in the given system are constants, and 
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In thermodynamic balance free energy as function of numbers of particles should have a minimum, i.e.
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From (2.3) it is followed, that 
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Using the chemistry potential
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one can obtain the equation which presents the equilibrium condition:
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For ideal system of particles the chemistry potential has the following form:
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here 
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Substituting (2.8) in the equation (2.7), we receive the so called equation of the acting masses:
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The magnitude К(Т) is called as a ionization constant. From elementary Boltzman  statistics it is known that 
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Here summation is extended to all spectrum of internal power conditions of a particle of k- th sort, and gs  characterizes degeneration degree s- th energy level (statistical weight).

The condition with full moment  J  has statistical weight
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So, for free electron with quantum number l=0 and s=1/2 statistical sum is Ue=2. Then the  equation (2.9) has the following form 
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In most cases the ion is in the ground state and division of the nuclear statistical sum is possible. If to assume full degeneration of levels of energy on a spin and to magnetic quantum number we will receive 
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In this case
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Expression (2.14) can be generalized for a case of many times ionization of atoms not hydrogen plasma.

For plasma in a condition of thermodynamic equilibrium the concentrations of any i - and (i+1) -ionized atoms (ions) of the same element is obtained on the basis of the equation (2.9)


[image: image28.wmf])

(

2

)

(

1

3

*

1

*

*

T

U

T

U

n

n

n

i

i

i

e

i

+

+

L

=

                                                       (2.19)

Here:
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Let's notice that all energy are counted from zero energy E=0 of a free based electron , i.e. all bounded energies are negative. We will consider now the states sum 
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 for hydrogen plasma. 
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It is obvious that the sum disperses. It disperses as well in case of alkaline metals:
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 If to be limited to the first term in the statistical sum (2.21), we will receive the so-called equation Saha. We will write down system of ionization equations for the hydrogen, including the equation Saha and the equations, following of conditions of a quasineutrality and preservation of number of all nucleases:

[image: image37.wmf]ï

ï

ï

î

ï

ï

ï

í

ì

=

+

=

L

=

0

*

0

*

*

*

3

*

*

*

0

)

/

exp(

n

n

n

n

n

T

k

I

n

n

n

i

e

i

B

i

e

                                                                                       (2.22)

The equation Saha (2.22) can be applied to calculation of composition of high-temperature ideal plasma of hydrogen. We will define ionization degree as the relation of number free electrons to total number of electrons: 
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Fig. 2.1. Ionization degree of hydrogen plasma at different values of the number density (in figure in units of сm-3). 

The quality dependence 
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 has view as in figure 2.1. At small temperatures 
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  equals  to zero, at big – to 1t, and transition is smoothly carried out at some temperature. 

In the of nonideal plasma it is necessary to consider the collective effects which lead to decrease in potential of ionization (ionization by pressure). We will consider the basic concepts of the thermodynamic theory of ionization equilibrium, taking into account the interaction between particles.

The chemical potential contains in any nonideal plasma also the additional contribution caused by interaction, i.e.
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The elementary approach is approach of Debye, in which
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Let's define now ionization decrease as
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Also we will find the equation Saha for nonideal plasma

 (2.27)
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It is obvious that the system possesses the bounded states while there are negative own values of the equation of Schrödinger. In systems with Coulomb interaction existence of the bounded states is limited by the screening. Under a condition
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The bounded states doesn't exist, i.e. 
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. Then we receive system of the equations Saha for hydrogen in the following form:
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where
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In fig. 2.2 the concentrations of the ions and free electrons of non ideal Al plasma in the Debye approximation are presented.
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