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Thermal equilibration behind an ionizing shock 

By H. WONGt AND D. BERSHADER 
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The physical mechanisms underlying the relaxation process leading to thermal 
equilibrium behind ionizing shock waves in argon have been studied through use 
of optical techniques. The non-equilibrium condition in the relaxation region was 
investigated experimentally by measuring the shift in the fringes due to a change 
in the refractive index of the medium with a Mach-Zehnder interferometer. 
Both electron- and mass-density profiles from the shock front to the equilibrium 
region were determined. The experimental work has been supplemented by a 
theoretical analysis of the ionization mechanism to explain the measured profiles 
and relaxation times. 

1. Introduction 
The rapid injection of energy into a gas due to shock excitation destroys 

temporarily the statistical equilibrium among its translational and internal 
degrees of freedom. Subsequent establishment of equilibrium is a rate process 
which depends on the collision parameters of the gas. When the characteristic 
time for this process is longer than that required for shock excitation of the trans- 
lational modes, there results a time lag in the equipartitional energy exchange, 
and we find a so-called relaxation zone behind the shock wave. Indeed, we have 
found in the present studies that there was no measurable ionization immediately 
behind the shock front, which itself can be considered discontinuous for present 
purposes; and that the values of gas density, pressure, temperature and velocity 
corresponded to an increase of random translational energy only. Typical shock 
front temperatures, for example, were over 50 % higher than the equilibrium 
values. 

Proceeding downstream from the shock front, one finds a continuing adjust- 
ment of gas conditions in the relaxation zone, leading finally to thermochemical 
equilibrium. The equilibration takes place by means of multiple and competing 
processes, including various modes of excitation, de-excitation, ionization, 
recombination, and elastic collisions between species at  different effective tem- 
peratures. Physical models to describe the relaxation zone kinetics have been 
proposed in earlier studies by several investigators, principally Petschek & Byron 
(1957), Bond (1957), Weymann (1958), and Harwell & Jahn (1964). Quite 
recently, additional studies have been reported by Brown & Mullaney (1964), 
and by Morgan (1964). While these works will not be reviewed in any detail, we 
may note that by now a variety of alternative mechanisms have been proposed, 

t Present address: Lockheed Palo Alto Research Laboratory. 
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some as a result of a purely theoretical analysis, and others based on certain types 
of experimental data. Of special interest is the work of Harwell & Jahn (1964) 
who probed the initial part of the relaxation zone by means of microwaves, and 
were able to establish electron-density distributions in what we term regime I 
(see $2) behind shocks of moderate strength. Their results lend support to the 
two-stage atom-atom inelastic collision mechanism, namely excitation followed 
by ionization, as the initial ionizing process, since they obtained an activation 
energy of ll.5eV corresponding to the first excited state of argon. 

In  the section which follows, we discuss the model for the mechanism of 
relaxation. The experimental method is then reviewed; and finally the results are 
presented together with interpretive comments. 

2. Mechanism of ionization behind strong shocks 
A starting point for the analysis is: given a shock advancing into a moderately 

dense, noble gas with sufficient energy to produce thermal excitation, the average 
energy being in the electron-volt range of one to two, what is the initial electron- 
producing process? Evidence provided by some of the other investigators men- 
tioned indicates that there is more than one process operating at  any one time, 
and that the initial principal ionization mechanism gives way to another as the 
dominant process in the latter portion of the relaxation zone. We shall discuss 
three regimes, referred to by the Roman numerals I, I1 and 111, each character- 
ized by particular dominant reactions. The assumption is made that each species 
may be described by its own Maxwellian distribution in the relaxation zone. 
This appears reasonable since average thermal energies are low compared to 
excitation energies, and the density is relatively high. Thus, a particle will tend 
to experience a large number of elastic collisions between the inelastic ones which 
change its internal state. Local translational temperatures of the electrons and 
of the heavy particles may well be different in view of the well known inefficiency 
of elastic transfer of energy between particles of considerably different masses. 
Further, the temperature difference may vary from point to point in the relaxa- 
tion zone. We now consider the three regimes in more detail. 

Rdgime I 
In  regime I the most probable ionization processes are atom-atom collisions, 
atom-impurity collisions, or photo-ionization by ultraviolet absorption. To 
reduce the probability of impurity influence, a high purity in the test chamber 
was achieved, resulting in an impurity level less than 10 parts per million. The 
combined outgassing and leak rate was 6 x mmHg/min. On this basis, it  was 
felt that the effect of impurities could be disregarded; a conclusion which was 
supported by the experimental data of Harwell & Jahn, where it was found that 
the impurity influence became less as the shock strength was increased. 

To assess the influence of photo-ionization, an elementary radiative-transfer 
analysis was made. Such transfer would be associated primarily with the argon- 
atom-resonance lines, for which the absorption coefficient would be much larger 
than for continuum radiation. The radiation is assumed to originate in the 
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equilibrium zone. In  order to affect conditions a t  the shock front, radiation of 
wavelength corresponding to 11.5 V or higher energy would have to penetrate 
the complete relaxation zone. Photons which make such penetration would then 
be capable of raising ground state atoms just in front of the shock to an excited 
or ionized state. A conservative model for the radiation, namely a Planckian 
black body, was chosen, and the resultant degree of photo-ionization at the shock 
front was found t o  be 10-12 or less. Part of the difficulty in any assessment lies in 
accounting for additional radiation sources in the relaxation zone. On the basis 
of the present model, however, it appears that photo-ionization can be ignored. 

Turning now to atom-atom collisions, we note first that the atom-atom 
process may involve two possible mechanisms: 

(a )  a single step process leading to ionization 

A + A  + A + +  e +  A ,  

(b)  a two-step process leading to excitation, then followed by ionization 

A + A + A * + A ,  

A * + A + A + + e + A .  

Weymann (1958) has shown theoretically that the two-step process is more 
efficient. The theory is based on the fact that the probability for excitation is 
greater than for ionization of an atom from ground state, and that the probability 
for ionization of an excited state is more favourable than de-excitation. The 
excited atoms, having a lifetime of IO-Ssec, can be de-excited by spontaneous 
radiation, by collisions with the wall, or with other atoms. But since argon is 
optically thick at the wavelength of its resonance radiation (1078 A) in the density 
regime corresponding to N, = 6 x lo1' the radiation is readily reabsorbed 
by other atoms. Hence, the ionization from the excited states effectively over- 
balances the destruction ofthe excited states. In  addition to the theoretical study, 
there is experimental evidence (Johnston & Kornegay 1963, and Harwell & Jahn 
1964) that the two-step ionization process is the dominant process in this regime. 
Since the probability for subsequent ionization of excited states is several orders 
of magnitude larger than that for atoms in the ground state, the initial step of 
the two-step process becomes the rate-controlling one. As a result, there is no 
net accumulation of atoms in the excited states, and the rate of ionization is 
essentially equal to the rate of excitation. 

Due to the lack of information on the atom-atom ionization cross-section near 
threshold, the cross-section for this process must be obtained experimentally. 
In  the shock tube, collisions take place under gas-kinetic conditions where 
multiple collisions are possible, as contrasted with an atomic beam experiment 
where the flux of incoming particles is of known energy and the particles 
encounter only single collisions. Under present experimental conditions, only 
the temperature, and hence the Maxwellian velocity distribution of the gas 
atoms are known. However, by utilizing the rate equation, one can achieve the 
functional form of the cross-section by knowing the velocity distribution of the 
atomic species and the manner in which the electron-density production and 
neutral-atom density change with temperature. The rate equation for electron 
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production by argon atom-atom inelastic collisions written in the centre-of-mass 
system is 

where N, is the number density of the atoms, NA. is the number density of atoms 
in the first excited state, g is the relative speed of the species, gii , (g)  is the inelastic 
cross-section, wm is the velocity of the centre of mass, and go is the velocity corre- 
sponding to the first excited state of argon. To reduce the rate equation to a 
simpler form, define 

y = (g/90)2 = E/E,, O(Y) = gi?&(Y)/‘O? = (?8/2kTAt = 2 A? 

where uo is a reference cross-section. Further, use can be made of the experi- 
mentally verified relation (Harwell & Jahn 1964, and Johnston & Kornegay 
1963) 

2- - ~ ~ e - ~ ,  aiv 
dt 

where c2 is an experimentally determined coefficient. Next, we note that 

NA = p/kT = 4pS/mA&. 

Upon substitution of the above expressions, equation ( 1 )  becomes 

where 

Since the degree of ionization is small in this regime, the pressure change is 
slight and thus p can be assumed constant. The constant quantity B can be 
evaluated from corresponding values of c2 and p obtained experimentally. Next, 
if we let 

equation (2) can be rewritten as 

The right-hand side of this equation is just the Laplace transform of f(y’ + l), 
and thus this function is given by 

which yields, after replacing y’ by y - 1 ,  
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Resubstitution then gives the inelastic cross-section as 

463 

or 

The manner in which the cross-section is evaluated is discussed in Q 5. 
If dNe/dt is written in terms of a rate constant in the usual way, 

then the above analysis yields the following results for KA(TA) 

KA(TA) = 8-9 x 10-12(kTA/Eo)2exp ( -Eo/kTA) cm3/sec. (4) 
The electrons produced in the above manner have, at first, relatively low energy, 
since most of the impact energy is utilized as energy of ionization. As their number 
increases, the average electron energy also begins to increase, as a result of elastic 
collisions with the more energetic neutral and ionic particles. A second mechanism 
for ionization then arises, namely electron-atom inelastic collisions, which 
characterizes rkgime 11. 

Re'gime II 
A theoretical approach similar to that of Petschek & Byron (1957) will be 
followed here. When the number of electrons becomes sufficiently large, these 
particles begin to serve as effective energy-transfer agents for producing ioniza- 
tion by inelastic impacts with neutrals after having acquired energy through 
elastic collision with the heavy species. Such ionizing collisions effectively obscure 
all other processes of ionization because of their relatively large cross-section. 
At this stage, there is a high enough density of electrons so that these particles 
will attain a Maxwellian distribution among themselves. The effective electron 
temperature remains lower than that of the heavy particles since the electrons 
lose most of their energy upon ionization. To analyse the energy exchange, one 
needs to compare the energy gained by electrons in superelastic collisions with 
that lost by inelastic collisions. The exchange of kinetic energy by elastic col- 
lisions can take place either with atoms or ions. Before treating either individual 
case, we formulate the problem more generally. The exchange rate in the centre- 
of-mass system is 

(3 el = -& N A p J r  (vcm* %) uel(g) gfe f A  dvc?n (5) 

where p is the reduced mass, fe, fa are Maxwellian distributions for electrons and 
atoms respectively, and aez(g) is the diffusion-momentum-transfer cross-section. 
Expanding exponential terms involving quantities (me/2kT,) (T,/Te - l), which 
is small if Te is of the order of T,, we obtain 
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The exact solution to equation (5) has been given by Boulegue et al. (1958).  The 
first term of the solution as given above is just that reported by Petschek & Byron 
(1957).  The second term is a higher-order term in the expansion, and is neglected 
in what follows. 

For the case where the heavy particle is an ion, the diffusion cross-section is 
determined by the Coulomb cross-section. The resulting equation for energy 
gain is ' N ~ + e 4  8nme 9 ( l ~ T , ) ~  &- 1 )  J(') In (-) 4nNe e6 ' (7) 

where the subscript 1 refers to the Coulomb interaction. 

the Ramsauer effect. If we define (De Voto 1964) 
Por the case where the heavy particle is an atom, the cross-section will involve 

the energy transferred is 

where the subscript 2 refers to the neutral interaction. The combined energy 
transferred elastically is given by 

where 

and where c.g.s. units are to be used for the various physical quantities. 
The ionization process in this regime is assumed to be conhrolled predominantly 

by the electron collision process: two-step processes (excitation followed by 
ionization) and single-step processes leading directly to ionization. The three 
processes involved are : 

( 1 )  A++e+A++e (elastic), 

A +e+A+e  (elastic), 

( 2 )  A + e - + A * + e ,  

A* + e +A+ + e + e,  

( 3 )  A+e+A++e+e.  

The electron production rate per unit volume is expressed by 

c 

dN,/dt = NeNA feuegin(uc)  due, ( 1 1 )  J 
where f, is the electron-velocity-distribution function, ue the electron velocity 
and C T ( ~ ( U ~ )  is the total inelastic cross-section which includes both processes; and 
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where the atoms are assumed stationary relative to electrons. The total inelastic 
cross-section obtained by Maier-Leibnitz (1935) is approximated by (figure 1) 

cri% = 7 x 10l8(E- 11.5)cm2 for E < 15*75eV, 

a,, = 7 x lo1*( 15.75 - 11.5) + 2.22 x 10-17(E - 15.75) em2 

for E > 15.75eV. 

The explicit expression for the rate then reads as follows: 

where /IE is the excitation temperature, and 6, is the ionization temperature. 

Electron energy (eV) 

FIGURE 1. Inelastic cross-section for electron-argon atom collisions. -, Maier-Leibnitz 
(1935), and Petschek & Byron (1957); I--, proposed curve for present analysis. 

By formulating an energy balance for the electrons we shall obtain a relation 
between the temperature of the electrons and that of the heavy particles. The 
electrons can gain energy through elastic collisions with ‘hot’ ions or atoms, and 
they can lose energy by ionization, radiation and elastic collisions with other 
electrons. The assumptions made are: 

(a )  Radiation losses are small. 
( b )  Elastically energized electrons lose energy rapidly in ionization and lose 

relatively small amounts of energy to other electrons. As a result, the average 
energy of the electrons does not change appreciably. 

30 Fluid Mech. 26 
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(c) Diffusion is negligible because of the high density, large charge-exchange 
cross-section and no extended gradient near the wall (small boundary layer). 
The energy loss of the electron gas is written 

where $ E T ,  is the thermal energy of the electrons and ICB, is the ionization energy. 
For the energy balance we have 

The relation between electron a.nd atom temperatures as a function of the degree 
of ionization is obtained as 

and a = N,/(Ne + Nd) is the degree of ionization. 

Rkqgime III 
I n  the early stages of equilibration, the inelastic collision processes are over- 
whelmingly in the direction of excitation and ionization. As the gas approaches 
the equilibrium state, recombination processes must be considered as well. 
Inclusion of these recombination processes in the analysis characterizes 
regime 111. 

In  recombination of a plasma, there is a general loss mechanism known as 
collisional-radiative recombination (Bates, Kingston & McWhirter 1962, Byron 
et al. 1962), which is not simply the sum of collisional and radiative recombination 
but a combination of interacting collisional and radiative processes. The radiative 
recombination which is predominant in a tenuous plasma and the collisional 
processes predominant in a dense plasma are two limiting cases of the general loss 
mechanism. The analysis of electron-atomic-ion recombination by Bates et aZ. 
(1962) may be applied to argon. In  accordance with their model, the upper states 
tend to equilibrate rapidly with the unbound continuum states, with the result 
that the net recombination rate (loss of electrons) is equal to the formation of 
atoms in the ground state by collisional de-activation and spontaneous transi- 
tions from excited states, and by three-body and radiative-recombination pro- 
cesses from the continuum. When the plasma is dense, the recombination rate is 
controlled mainly by collisional transitions from excited states to the ground 
state. 

In  the present study, the principal difficulty in evaluating the recombination 
rate by an appropriate collisional-radiative model is that the cross-sections and 
transition probabilities of these processes are unknown. However, the approxi- 
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mate analysis used here will assume only three-body recombination to the ground 
state; all the excited states, in turn, are assumed to be in equilibrium. 

A more general expression for the electron production rate, which applies now 
to both r6gimes I1 and 111, is 

In  turn the relation between electron and atom temperature shows an added 
term introduced by recombination, in comparison with equation (16) 

dN,/dt = NeN,K,(Te) -N:K,(T,). (18 )  

where K,(T) the equilibrium constant is given by 

Relaxation 

Combining r6gimes I, 11, and I11 and taking all processes into account, we obtain 
the net rate of electron production 

(21) 
Our considerations so far have applied to some reacting gas in a ‘box ’ so to speak, 
which gives the change of electron content in a unit volume of shock-heated fluid 
as a result of chemical change only, and does not account for gasdynamic changes 
of fluid density. At this time therefore, the mass density may be taken as constant, 

and we may write dN, p da 
dt m, dt ‘ 

Equation (21 )  becomes 

dNe/dt = N%K,(T’) +NeN,K,(T,) -NiK,(Te). 

(22 )  

( 2 3 )  

_ _ -  _ _  - 

da/dt = ( 1  - a)  Na KA( T,) + Ne( 1 - a)  KI(Te) - KR( z). 
Now, however, the ‘reacting-gas-in-a-box’ treatment must be made com- 

patible with the fact that the gas is in motion through the flow field. This is 
accomplished by introduction of the conservation and state equations. In  this 
connexion, it should be mentioned that we are using a two-temperature equation 

(24) of state 

For a given set of initial conditions, the electron and mass densities may be ob- 
tained by integrating the rate equation under the constraints of these relations. 
For this purpose, the latter may be manipulated to yield the following expression 
between T, and T, 

P = dk/m,) (TA + aT,)* 

4 +P/P1- 2aO,/T1 3(P/P1- q+ 2 a W T 1  1 +-) Y M 2  7 (25)  1 ( 1+4P/Pl ( 1+4P/P1 
TA+aT, =z aT1M2 ___ 

where the pressure ratio is 

2 = 4[3 + 5M2 j 5((H2 - 1>2 + ~ a N 2 O e , / T 1 ) ~ ] .  
P1 

Our problem, then, is to seek simultaneous solutions of equations ( 1 9 )  and ( 2 5 )  
before integrating equation (23) .  We illustrate a graphical procedure in figure 2,  
a plot of T, against T, with a as a parameter. The figure shows two families of 

30-2 
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curves, one resulting from chemical-kinetic considerations (equation ( 19)), the 
other from gasdynamic laws (equation ( 2 5 ) ) .  The points formed by the inter- 
sections of pairs of curves from the two families having the same value of a, 
determine a curve in the TA - space which gives the real history of the atom 
and electron temperatures through the relaxation zone. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

32 - - 
- - 

- 

- 

- 
- 
- 
- 

8 10 12 14 16 18 20 22 24 
Electron temperature ( lo3 O K )  

FIGURE 2. Atom and electron temperature in relaxation region for M = 16.3, p1  = 0.5 cm. 
-_ -  , Particle path through the relaxation region. 

It is desirable to integrate the rate equation in a co-ordinate system moving 
with the shock (see figure 3), for then the phenomena may be described by 
steady-state relations. Thus, 

where ax" represents the distance moved by a fluid element relative to the shock 
front during dt ,  and where u is its relative velocity. The equation is derived in the 
laboratory system of co-ordinates, since the system is of prime importance for 
interpretation of experimental results. One may solve for x" corresponding to any 
particular value of a. In  particular, for the total extent of the relaxation zone 
x&, one has 

where 
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The temperature and density profiles are obtained by solving the above 
equations on a computer. 

4 Contact surface (u2)--, 

Distance 

FIGURE 3. (2,t)-diagram of shock tube flow. 

Time-scale conversion 

The time t measured on the film is in the laboratory time scale. The time of 
interest is from the instant the shock sets the fluid particles into motion to the 
point where equilibrium conditions are reached. From figure 3, let X" be the 
relaxation distance to the shock front in the laboratory system, t the relaxation 
time in the laboratory distance system, x' the total particle relaxation distance, 
r the total particle relaxation time. The relation between the measured laboratory 
time to the particle time is given by 

7 = (p2/pl) t  and t = (z"/u,). 

These relations will be valid for instances where the density ratio p2/p1 (hence 
u1 - u2) does not change with time as is the case a t  zero ionization. However, for 
large degrees of ionization the density behind the shock varies with time. As a 
result the time conversion is given by 

7 =j(m at, 

where the density profile must be known. 

3. Interferometry 
A dielectric material, in the presence of an applied electric field E such as that 

associated with a travelling light wave, will develop a polarization field P, 
defined as the induced dipole moment per unit volume. The latter is ordinarily 
proportional to the applied field E, with the constant of proportionality termed 
the polarizability 5. It is the polarizability of the material which will, in accord- 
ance with electromagnetic theory, determine its refractive behaviour. For a 
dilute medium containing different species, the polarization is taken to be 

P = CNi&E,  
i 
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where iVi is the number density of species i ,  with polarizability ti. The relation- 
ship between the refractive index, dielectric constant, and the polarizability can 
be readily obtained from the constitutive equations of Maxwell and equation of 
motion for the charged particles. The phase index n can be written as 

(28) n 2 -  - z 1K e +I z J { W e ) ' +  (4n~/w)'), 

where K, and 
and w is the impressed frequency. 

are the real dielectric constant and conductivity respectively, 

The various currents in the medium are: 

( a )  electron current 

8P aE 
j =-="-  at at ' 

1 aE 
( d )  displacement current (vacuum) 

. I  

N,q2E vC + io 
j, = Nequ = __ ___ 

me w2+v,2' 

aE 
(b )  ion-polarization current 

j, = &NE at , 
(29) 

The ion current, as distinct from the ion-polarization current given above, has 
been omitted, since it is much smaller in magnitude than the electron current. 
For the case where the collision frequency is much less than the impressed 
frequency, the refractive index becomes 

n = 1 + 2nS &Ni - + ( W , / W ) ~  (c.g.s. system), (30) 
i 

where the subscript i refers to ions and atoms. 

Fringe shift for argon 
When the gas under investigation is traversed over a span of length 1 by one of 
the two coherent beams o f  an interferometer arrangement, a change in its 
refractivity n is observed as a phase shift, or fringe shift. If h is the wavelength 
of the light beam, then a change in optical path An.  I produces a phase shift of 

(31) 
s wavelengths, or 

An = hs/E. 

In what follows, it is convenient to take as reference (subscript 1)  the refractive 
index ahead of the shock front. Then 

An = n-n,, (32) 

where n is the index in some plane of interest behind the shock front. In applying 
the fringe shift relation to the experiment, equations (30), (31),  and (32) yield the 
following expression for the fringe shift 
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where (nA - 1),, is the reduced refractive index of argon (Edelman & Bright 1948) 
a t  standard pressure and temperature (p,,, To), and p is the mass density a t  any 
point behind the shock front. For neutral particles and positive ions, the fringe 
shift is inversely proportional to the impressed wavelength, but is directly pro- 
portional to the wavelength for the electrons. The latter behaviour is due to the 
dispersive character of the electron refractive index, which is proportional to the 
square of the impressed wavelength. The electron refractive index is less than 
unity (phase velocity of the electric field is greater than the speed of light) so that 
an increase in electron density moves the fringe in a direction opposite to that 
caused by the heavy gas particles. The estimated basic uncertainty in the 
measurement of the fringe shift is 0.06 fringes, provided the polarizabilities of 
the different species are known. Hence, the lowest electron concentration to 
which the interferometer for present conditions is sensitive is 1016 cm-3, corre- 
sponding to about 5 yo ionization. As the degree of ionization approaches 15 yo, 
with corresponding electron density of 1.9 x lo1' the experimental un- 
certainty reduces to 5 %. 

4. Experimental apparatus and method 
The optical properties of the shocked gas were studied with a Mach-Zehnder 

interferometer by photographing the fringe shift due to changes in the refractive 
index of the ionized gas. This method has been used to measure polarizability of 
different atomic species (Alpher & White 1959a, Marlow & Bershader 1964), to 
study relaxation phenomena (Blackman 1956, Byron 1959, Matthews 1959), and 
to measure electron concentration (Alpher & White 1959b, Medford et al. 1961, 
Ramsden & McLean 1962, Shukhtin 1961). The Mach-Zehnder interferometer 
used was designed by D. Weimert and was on loan through the courtesy of the 
Lockheed Palo Alto Research Laboratory. Matched sets of boroscilicate crown- 
glass optical windows with a 22in. diameter, gin. thickness, and ground flat to 
$ wavelength and parallel to 0.0005 in., were employed. 

The studies were performed in an extruded aluminium shock tube$ 30ft. in 
length, with a square interior cross-section (2 in. x 2 in.) and gin. wall thickness. 
The stainless combustion-driver section had an internal diameter of 3 in. and a 
lt in. wall. A combustible mixture of oxygen-hydrogen-helium, using conven- 
tional spark ignition, was employed in conjunction with pre-scribed aluminium 
diaphragms. Two vacuum pumping stations were used to facilitate the evaluation 
and flushing of the test area. Heating tapes encased the tube and were turned on 
automatically to aid in outgassing of the system. The test section was designed 
with a pair of optical windows and with three barium-titanate pressure trans- 
ducers mounted flush with the interior tube walls, for the purpose of viewing the 
flow and measuring the shock speed. At the downstream end was a dump tank 
separated from the test section by a thinly scribed aluminium diaphragm, which 
broke very rapidly upon the arrival of the shock. 

t D. Weimer, Ohio Northern University. 

of Technology (now a t  Princeton University). 
Design of tube was based on plans provided by Professor R. Jahn, California Institute 
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To obtain the necessary time resolution to study the relaxation phenomena, 
two approaches were employed. The first made use of a 3 x 10-7sec duration 
spark light source and Polaroid film to obtain a ‘snapshot ’ interferogram of the 
shock flow. This technique encountered problems of blurring and over-exposure 
caused by the continuum radiation. The second approach was to obtain time- 
resolved records of interferograms with a rotating mirror camera using Royal 
X-pan film. A suitable intense light source of 60,usec duration was provided by 
an exploding tungsten wire, powered by a 74pF condenser charged to 20 kV. 
The sweep speed of the camera was usually 3 mm/,usec across the film, which gave 
a time resolution of 0.15,usec. 

To obtain both mass and electron densities from the measurements of the fringe 
shift, two monochromatic light photographs at different wavelenths were 
required. This was accomplished by splitting the flow field with two interference 
filters and recording them simultaneously on the rotating mirror camera. Filters 
of 4500B and 5890 A with a band width of 90 A were used and located at  the 
image plane of the test section. Some simultaneous measurements were also made 
with a photomultiplier and spectrograph (f/12, 90d/mm) t o  record the emitted 
radiation. 

5. Experimental results and discussion 
In this section some typical experimental data utilizing the interferometric 

technique are discussed, and the results reviewed in some detail. The tests were 
conducted mainly a t  initial pressures of p = 3 mmHg and p = 5mmHg. The Mach 
numbers ranged from 12 to 18 with corresponding computed electron density as 
large as 2 x CM-~ .  Figures 4 and 5 of plate 1 represent interferograms recorded 
with a rotating mirror camera. The manner in which the fringes shifted implied 
that competing ionization processes proceeded at different rates at  various dis- 
tances behind the shock front. At the shock front the fringes were shifted upward, 
due to the sudden increase in enthalpy, density, and pressure, and the shift was 
found to agree with predicted values obtained from the shock relations where 
only the translational modes of the gas were taken into consideration. The initial 
jump in the fringes at the shock front was larger for shorter wavelength, as the 
refractive index of the neutral argon was inversely proportional to the wave- 
length. Upon production of electrons by thermal ionization, the fringes were 
shifted downward, since they were mainly susceptible to the dispersive nature of 
the electrons. The appreciable fringe-shift difference between the two wave- 
lengths used, as well as the difference in the fringe width, was apparent. The most 
striking feature of the fringe profiles for strong shock waves was the rapid down- 
ward shift of the fringes, almost similar t o  another front being produced. Upon 
reaching a maximum negative shift, the fringe pattern began to slope upward, 
thereby indicating a loss of electrons by recombination associated with radiation 
losses. This showed, especially at  the highest shock strengths, that the gas did not 
remain a t  a constant equilibrium value for any finite length of time. The effect of 
radiation cooling is under investigation by Wong & Horn (1965). The maximum 
negative fringe shifts, compared with the values predicted by the Saha equation 
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based on a more accurate equilibrium constant than given by equation (20), were 
found to be in good agreement (figure 6). The rotating mirror photographs also 
showed the sudden appearance of visible emission resulting from free-bound 
recombination, as was reported by Petschek & Byron (1957). 

From the measurements of the fringe shifts a t  two wavelengths, both density 
and electron profiles for the non-equilibrium region were deduced (figures 7-10). 
The three regimes of the proposed model for the mechanism of ionization were 
then identified. The results for each regime will now be discussed in turn. 
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Interferometric techniques a t  optical wavelengths were insensitive to electrons 
in regime I (N, < 10l6~m-~).  However, in accordance with the discussion in tj 2, 
the inelastic cross-section for atom-atom collisions was obtained by adjusting 
values to  match our overall observed relaxation profiles. This procedure resulted 
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in having to reduce the cross-section value reported by Harwell & Jahn (1964) 
by a factor of 2.5 in order to obtain a compatible value for KA(TA) in the equations 
just mentioned. The value of cz in equation (3) as thus adjusted led to the 
numerical relationship shown between cross-section and energy. However, this 
relation is expected to be valid only when the gas temperature is low compared 
with the excitation or ionization temperature, for then the two-step process 
predominates. 

The effects of impurities could never be completely disregarded, even though 
extreme care was taken to outgas and to flush the system. As we mentioned 
earlier, the impurity level was reduced to less than 10 parts per million. The 
influence of impurities was more important at lower initial pressures. 

The time-integrated spectrograms of the high-purity tests contained spectral 
lines with a continuum superimposed upon them. All the spectral lines recorded 
were identified only as argon. The lack of impurity lines could possibly be due to 
several factors: to the low intensity of impurity lines, hence negligible amount of 
impurities; to the relatively large f number (12) of the spectroscope; or to the 
spectral range of the plates. In  any case, this result is at  least consistent with our 
assumption that the effects of impurities had been minimized below a threshold 
level. 

The presence of precursor electrons ahead of the advancing shock front has 
been reported by many investigators. However, their effect on the relaxation 
phenomenon has not been studied quantitatively. In  our analysis we find that 
if the precursor-electron concentration reaches a level of tl. = 1.5 x 10-4 at the 
shock front ( M  = 16-3, pl  = 0.5 em Hg), the electron-production mechanism of 
regime I1 would become predominating at  an earlier stage. As a result both the 
relaxation period for electron build up in rkgime I and the total relaxation time 
may be shortened by 5 %. For electron concentration below this level, there is 
negligible effect. 

Rkqgime I1 
This regime was most accessible to the techniques of optical interferometry. The 
rapid progress of the electron-atom collision process in electron production was 
the main element underlying the steep curvature of the fringes here. The cross- 
section for the process used in our computation of the theoretical curve was 
approximated from the experimental data given in figure 1. Our formulation 
should be applicable for electron energies not greater than three times the 
ionization potential. Outside this range, the cross-section goes through a maxi- 
mum and begins to decrease (Stubbs et al. 1962, and Hagstrum 1953). The point 
where the ionization mechanism due to electron-atom collisions is equal to that 
due to atom-atom collisions is plotted for several conditions on figure 11. The 
cross-over point for electron-atom dominance occurs at  a higher degree of ioniza- 
tion for stronger shocks, given the same initial conditions. As the shock is 
strengthened, the temperature of the atoms and the number of A-A ionizing 
collisions is increased; thus the time period to reach a certain degree of ionization 
is shorter. On the other hand, the atom-atom ionization process remains domi- 
nant until a larger number of electrons are produced. The factor which governs 
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the efficiency of the electron-atom process can be clearly seen on figure 12. This 
graph shows the manner in which electrons acquire energy by colliding elastically 
with the heavier species. By comparing the curves in figures 11 and 12 a t  cor- 
responding degrees of ionization, it is apparent that when the electron-atom 
ionization process becomes dominant, the energy exchange mechanism is 
primarily one in which electrons gain energy by e-A+ elastic Coulomb collisions 
and then utilize it for ionization. This is consistent with the fact that the e-A+ 

Degree of ionization 

FIGURE 11 

Degree of ionization 

FIGURE 12 

FIGURE 11. Comparison of ionization rates between argon-argon and argon-electron 
collisions. -, M = 16.3, p1 = 0.5cm; --, M = 15.4, p, = 0.5cm; -. .-, M = 15-0, 
p ,  = 0-5cm; ---, M = 1 6 . 3 , ~ ~  = 0.3cm. 

FIGURE 12. Elastic energy transfer for p1 = 0.5 em. 

Coulomb cross-section is appreciably larger than the e-A elastic-collision cross- 
section, especially in the energy range of interest here, where an effect of the 
Ramsauer minimum (occurring at 0.3 volts) is still felt. 

The assumption that the average energy of the electrons did not change 
appreciably, appeared to be justified. The amount of change which did take 
place is shown in figure 13. During the early stages of this rhgime, the electrons 
did not lose their energy as rapidly as they did during the later stages. As a result, 
the temperature of the electrons rose slightly to a maximum and then declined as 
the rate of ionization increased. During this entire period, the atom temperature 
was seen t o  fall most abruptly when the electron temperature reached its maxi- 
mum value. The mass-density profile also increased sharply within the last 
quarter of the relaxation zone, while the pressure increase was less steep. 

Rdqgime III 
The onset of visible radiation on the fringe pictures indicated the point where 
free-bound recombination became important under the constraint of the sensi- 
tivity limits of the film itself, and thus marked the inception of regime 111. This 
point appeared to vary both with increase in pressure and shock strength. On the 
average the degree of ionization a t  this location corresponded to 82 % of the 
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equilibrium value. If the time interval from the shock front to the plane of radi- 
ation onset were taken to be the total relaxation time, the error would not be more 
than 15 yo. The theory for recombination as proposed in Q 2 could not be verified 
from present measurements. However, the predicted magnitude for recombina- 
tion was found not to be greater than the limiting experimental value obtained 
from the measured electron and mass profiles. Since the ionization-rate constant 
was found to be much larger than that for recombination throughout the relaxa- 
tion zone, recombination could be disregarded for the prediction of the profiles 
(Bond 1957). 
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FIGURE 13. Temperature profile during relaxation for M = 16.3, p ,  = 0.5 cm, 
T, = 297 OK. Time (laboratory frame) is measured relative to the shock front. 

The radiation which starts in regime I11 is seen to persist for a considerable 
period downstream. The upward sloping fringe pattern, corresponding to a 
decreasing electron density in an otherwise supposedly uniform rdgime of gas flow, 
indicates that appreciable radiation cooling is taking place. This has become the 
subject of a separate study from which the cooling is found to be largely due to 
continuum radiation, both free-bound and free-free (Bremstrahlung). The ioniza- 
tion of excited-state atoms could possibly be accomplished by this radiation. 
Under the present test conditions radiative recombination is small compared 
with collisional recombination. Thus radiative emission does not appear to play 
a significant role in the processes leading to thermal ionization equilibration. 

Relaxation time 

The total ionization relaxation times for various shock strengths are plotted in 
figure 14. The inverse temperature l/TAo, is the temperature behind the shock 
without ionization. Since the collisional processes for ionization except for 
recombination are predominantly binary, the relaxation time will exhibit an 
inverse initial-pressure dependence. Some preliminary experiments ( M  > 18) 
show that the Saha-equilibrium electron concentration is not reached, and radi- 
ation which has been ignored thus far must be included in the analysis. 
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Relaxation time l /TAo ( 105/"K) 

FIGURE 14. Relaxation time as a function of the reciprocal temperature behind 
the shock with zero ionization. 0, p1 = 0.5 em; , p l  = 0.3 cm. 

6. Conclusions 
The combined results of experiment and theory indicate that the mechanism 

of ionization can be explained by dividing the relaxation zone into three rBgimes, 
each characterized by different dominant collisional processes. RBgime I, the 
early stage of ionization directly behind the shock front, consists primarily of 
argon atom-atom excitation and ionization collisions. A cross-section for this 
process was determined, and its dependence on energy near threshold was 
developed as equation (3). Photo-ionization, precursor effects and impurities do 
not seem to play a significant role under the tested conditions, until the degree of 
ionization reaches 1.5 x 10-4 a t  the shock front. RBgime I1 was determined pre- 
dominantly by electron-atom collisions, and the electrons acquire their energy 
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for ionization primarily through elastic collisions with the argon ions. RBgime I11 
was characterized by the inclusion of recombination in the kinetics of the process. 
Experimentally, it was marked by the appearance of radiation. However, recom- 
bination was found to play a minor role in the determination of the electron 
profile. 

The present study was also concerned with the sensitivity and accuracy of the 
method of optical interferometry for measuring electron concentration. For 
electron concentrations greater than 1016 ~ m - ~ ,  the technique is quite acceptable. 
Good agreement was obtained with equilibrium conditions predicted by the Saha 
equation, in which the effects of radiation and lowering of the ionization potential 
were neglected (see figure 6). 
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