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The following seven equations describe the incident shock wave in 
the laboratory coordinate system, with allowance for ionization up to 
Ar a+ 

conservation of matter  

OxV = p s ( V -  u~); 

conservation of momentum 

p* + P ~  = Pz q- p~(V - -  ud~; 

conservation of energy 

hl + 1/~ V 2 =  he-~- 1 / 2 ( V - -  u~)~; 

law of mass action 

K"  ]-1 K,,.v(,+. ' 

K" K" 
~r2 ~-  K ~1, X 3 ~ --;Ze Xo. ; 

equation of state with allowance for Coulomb interaction [1] 

p = "-~ kT (i -~ xl --  2xo - -  3za) - -  

eSp / n p " A  
3~'/, [ '~ )  (2~, + 6~.. + 12~Z/,. 

Here V is shock-wave speed, u2 is the speed of the flow behind the 
shock wave, p is density, p is pressure, T is temperature, and h is 
enthalpy, subscripts 2 and 2 denote the conditions ahead of and behind 

�9 + 
the  shock wave, K' is the equilibrium constant for productmn of Ar , 
K" and K"  are the same for Ar z+ and Ar 3+, and xl, xz, and xa repre- 
sent the degrees of ionization: 

nj 
(1'= t, 2, 3). 

~ = no + nx + n~ + n3 

Here nj is the number of Ar +j ions per em s, n e is the number of e lec-  
trons per era s, m is the mass of an argon atom, e is electronic charge, 
and k is Boltzmarm's constant�9 

The following is the expression for h including excitation, mul -  
tiple ionization, and Coulomb interaction: 

5 kT 
h =-~- ~ (l + z~ + 2z~ + 3zs) -- 

4 e s ,' ~p'~V-~.9 ' 

1 

i X (~ X(D 
+ -~- (t - ~ - ~0.- ~) z(o--7 + ~ ~ z - ~ '  

er (j) ~,  
X (j) = E gi(J)~i 0) exp ( - -  ~ ] 

i 

{ e (/} \ 
ZO) -~- E gi(J) exp k--  [ ~  ) , 

i 

Here X (j) is the excitation energy of state j, z(J) is the statistical 

sum, g!0) . . . . .  g~a) are the statistical weights of the energy states, 
sb) * fin) are the energies of the levels reckoned from the lowest i . . . . . .  i 

level ,  and J1, J2, and Ja are the corresponding ionization potentials. 
Here the first term takes account of the translational energy, the 
second of the Coulomb interaction, the third of the energy used in 
ionization, and the last of the excitation. 

The equilibrium constants are defined by the  formulas of statis- 
t ical physics with allowance for the excitation and the reduction in 
the  ionization potentials by Coulomb interaction: 

K" ---- 2 Z(0---5 ~ exp  < - -  /~T ] '  

Z {~) (2amekT)% ( J~-- AE2~ 
K"-~-2Z(U ha exp - - ~ p  

z(a) (2~m6kT) s/' ]a ~ ? E s )  
K" -~ 2 ~ h~ exp (-- -- . 

Here me is electron mass and h is Planek's constant, while Ej is 
the reduction in the ionization potential,  which is given by the Debye- 
Htickel method as 

{ up ~'/, [ 2x, + 6zo + t2x3 "~ 
AEj ----- T ~m--~) (2xl -~- 6x 2 --]- t2xa) 'A ~6/-- ~ @ Xl A- 2x2 -~- 3xo]' 

while he is 

ne = Wrn(a + 2zo + 3z~). 

This system of equations is closed with respect to the unknowns. 
Parameters Pl and M were varied in the calculatiom, in the first sire- 
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plified scheme (without allowance for Coulomb interaction), the sys- 
tem was solved by the method of steepest descent [2]. The results 
were then used as the first approximation in 8eidel's method, with 
special attention to the conditions of convergence. A BESM-3M com- 

puter was used. 
The atomic constants for argon were taken from [3]. The calcula- 

tions were performed for M from 20 to 50 for initial pressures of 0.1, 
0.3, 1.0, 3.0, 10, 25, 50, and 100 mm Hg. Figures 1-3 show Tz, 

Pz/Pr, and the degree of ionization behind the shock wave as functions 
of M for four initial pressures; only xl and x~ are shown in the last case, 
because xz was small and was only 2.10 -s for M = 50 and an initial 

pressure of 0.1 mm Hg. 
The peak xt is nearly 1, but x2 near that peak is small, and in this 

region most of the shock-wave energy goes to raising T2, which re- 
duces the density. Subsequently, xz becomes substantial, which shows 
the increase in Tz and results in an increase in density. 

In calculating the excitation energy we encounter the question of 
the number of levels to be incorporated, since the upper levels are 
cut off in a plasma of finite density, while the energy of electronic 
excitation is proportional to the number of levels. Unfortunately, there 
is presently no agreed view on this, and the variouspossible estimates 
give different results. For example, the summation over the levels 
may be truncated at a value n* of the principal quantum number such 
that the size of the orbit for a hydrogen-type ion becomes comparable 

with the Debye screening radius: 

( Z ~k.T ~'I,. 
n* ~ ~ 4~nee~ao 2 ] 

Here Z is nuclear charge and a~ = 0.53-10 -s cm is the Bohr radius. 

This means that the limit is n* = 8 for a gas initially at room tempera- 
ture and a pressure of 100 mm Hg after exposure to M = 20. 

The summation can be stopped at the level where the electron 
binding energy is kT0 since then every collision with a free electron 
will eject a bound electron from the atom [4]. The binding energy 
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E n for an electron in level n of a hydrogen-type ion is equal to the 
Coulomb energy in the nuclear field: 

JHZ ~ 
En =- -W- .  

Here JH = 13.6 eV is the ionization potential of hydrogen. We 
equate this energy to kT to get that n* = 3 for the above conditions. 
This shows that the uncertainty in the number of levels to be incor- 
porated is too great and certainIy exceeds the temperature dependence 
for n*. It was therefore decided to incorporate the first five levels. 
The Inglis-TeIler theory leads also to this result. 

Figure 4 shows the ratio of E* to hz as a function of M for initial 
pressures of J., 10, and 100 mm Hg. It is clear that the electronic 
excitation must be considered in calculating the gas parameters for 
high M and gas pressures. 

The quantity AEj was calculated above via the Debye-Htickel 
theory. Figure 5 shows AEI as a function of M for various initial pres- 
sures. For pressures of the order of 100 mm Hg, the condition ZXE << 
<< kT (slight deviation from ideal behavior) is not met strictly. 

It is also of interest to derive 7off (effective adiabatic parameter), 
especially when this is nearIy constant, since then we can use exact 
solutions for various gasdynamic problems. This quantity was derived 
via the above calculations from 
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~ f f  = i + p /pH 

in which H is specific internal energy. Figure 6 shows Yeff as a func- 
tion of M, and it is clear that the variation is very substantial except 
in the range 28-50 in M, where it is around • for each initial 

pressure. 
We are indebted to Yu. P. Raizer for valuable comments. 
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