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Experiments are described in which the populations of metastable levels in ionizing
argon are measured through spatially resolved hook interferometry. The results are
compared with the present model for shock-induced ionization and a recently
proposed mechanism to explain observed flow instabilities. It is found that the
experimental measurements support the presently accepted model, which states that
electron-atom collisions play the dominant role in the excitation process, but
contradicts recent proposals which predict a rapid build-up of anomalously high
metastable populations through atom-atom collisions.

1. Introduction

Over the past twenty-five years, a considerable amount of work has been done on
the study of the reaction mechanism for ionization behind shock waves in monatomie
gases, with particular emphasis on argon. These investigations relied on the production
of a plane shock wave followed by a one-dimensional relaxation zone which could
be studied by a variety of methods. (See, for example, Petschek & Byron 1957;
Harwell & Jahn 1964; Kelly 1966; McLaren & Hobson 1968; Wong & Bershader
1966; Oettinger & Bershader 1967; Demmig 1977). Most of these studies were made
for shock-wave Mach numbers M, ranging from 10 to 14. Other studies, however,
showed that for larger Mach numbers the relaxation zone was not always one-
dimensional. Using Mach Zehnder interferometry, Bristow & Glass (1972) found that,
for M = 17 and initial gas pressure p, = 2.8 Torr, the translational shock front was
no longer plane, while sinusoidal-type oscillations perturbed the relaxation zone and
the quasi-equilibrium region. They found that it was possible to remove these
disturbances and stabilize the shock wave by adding 0.4 9%, (by partial pressure)
hydrogen to the argon test gas. In addition, they noted that the hydrogen impurity
significantly reduced the length of the relaxation zone. This reduction of the
relaxation length was accounted for kinetically, but the reason why hydrogen
impurities stabilized the flow was not understood. Nonetheless, since the low
impurity concentration changed only the reaction rates while not causing any
significant change in the quasi-equilibrium values, their observations demonstrated
that the instability was most likely caused by the relaxation process.

A number of different theories have been put forward by various authors to explain
the observation of shock-wave instability. Many of these were in existence before
instabilities were observed in shock waves in argon, and were attempts to explain
the instabilities in detonation waves (see Fickett & Davis 1979). Freeman (1955) and
Whitham (1956) treated the two-dimensional problem of an initially plane shock
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wave in an ideal gas. The shock was considered to be a discontinuity surface and
given a small initial disturbance. They found that the perturbation decayed like ¢
for a weak shock and ¢% for a strong shock. These predictions were verified
experimentally in shock-tube flows where, for an ideal gas, the shock wave became
planar within 4 to 8 tube diameters from the diaphragm (Glass & Patterson 1955).
This and other work (Freeman 1957 ; Lapworth 1959; von Moorheim & George 1975)
showed that shock waves in perfect gases were inherently stable. For a medium with
an arbitrary equation of state, however, D’yakov (1954) found stability criteria in
terms of the gradient of the Hugoniot curve and the slope of the Rayleigh line. His
analysis was applicable to non-ideal gases which undergo dissociation or ionization,
but it assumed that all reaction rates were infinitely fast. Consequently it was not
applicable to situations where the instability was shown to originate in the reaction
zone. A more detailed analysis that does take into account the rate for a simple
reaction system is that due to Erpenbeck (1963, 1969). His treatment was very
successful in predicting the stability of detonation waves, but had only limited
applicability to endothermic reactions (i.e. dissociation and ionization). Baryshnikov
& Skvortsov (1979), however, pointed out that even though the overall process for
a particular reaction system is endothermic, it is possible that an intermediate stage
is exothermic and sufficiently energetic to destabilize the flow. They arrived at a set
of hydrodynamic stability conditions by using an analysis that is similar to
D’yakov’s method but incorporates the relaxation rate for a simple reaction. Mishin
et al. (1981) suggested that for ionizing gases the exothermic stage necessary for
instability comes about in the following way. During the early stages of ionization,
atom-atom collisions might be responsible for populating metastable states at
excitation temperatures above the translational temperature of the atoms. It was
suggested that the excess energy is stored in these metastable atoms and later
released through superelastic collisions, which are likened to exothermic chemical
reactions. Yushchenkova (1980) used a set of rate equations to determine how
rapidly these metastable states are populated and predicted that maximum popu-
lations are achieved almost immediately behind the translational shock front. This,
however, is in contradiction with the accepted mechanism for ionization in which the
transition from the ground state to excited levels is considered to be the rate-
determining step. In an attempt to clarify this apparent contradiction, the present
study deals basically with: (i) interferometric studies of flow stability in ionizing
argon with a view to comparing the observations with the model proposed by
Baryshnikov & Skvortsov and Mishin et al.; and (ii) an experimental determination
of the populations of metastable and non-metastable excited states using hook
interferometry to compare with values predicted by Yushchenkova.

2. Theoretical considerations
2.1. Ionizing-gas flow

Physical models to describe the kinetics for ionization have been proposed by several
investigators, principally Petschek & Byron (1957), Bond (1957), Weymann (1958)
and Harwell & Jahn (1964). Further studies have been reported by Brown &
Mullaney (1964), Morgan (1964), Wong & Bershader (1966), Oettinger & Bershader
(1967) and Glass & Liu (1978). In particular, Harwell & Jahn were able to establish
the electron density distribution in the region immediately behind the translational
shock front, and thus lend support to the two-stage atom—atom inelastic collision
mechanism. This mechanism

A+A->A*+ A, A*+A->At+e +A,
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proposed that excitation of the atom preceded its ionization and was shown by
Weymann to be more efficient than the direct ionization process. Harwell & Jahn’s
results supported this proposal, since they determined an activation energy of
11.5 eV which corresponded to the first excited state of argon. It is important to note
(prior to the discussion on the population of metastable states) that the probability
for subsequent ionization of excited states is several orders of magnitude larger than
the probability of excitation from the ground state. Consequently, as pointed out by
Wong & Bershader, the initial step of the two-step process is the rate-controlling one,
and there is no net accumulation of atoms in the excited states. In the plasma, the
heavy particles (atoms and ions) and the electrons separately experience sufficiently
numerous collisions to result in independent Maxwellian distributions of their
thermal energies at atom and electron temperatures, 7', and T, respectively. Since
the cross-section for energy transfer between atoms and electrons through elastic
collisions is relatively low, these two temperatures remain quite different throughout
most of the relaxation zone. In particular, since the electrons have lost much of their
kinetic energy in overcoming the ionization potential, 7', is initially much less than
T,. After a sufficiently long time, however, the free electrons increase their thermal
energy through elastic collisions with the heavy particles. At these higher energies
the electrons can interact inelastically with the atoms, exciting and ionizing them and
thereby increasing the number of free electrons in the plasma. When sufficient
electrons are available, the relatively large electron-atom cross-section coupled with
the high mobility of the electrons causes these electron—atom collisions to become the
dominant mechanism for ionization. The dependence of this mechanism on electron
temperature and number density means that an avalanche effect takes place in a
relatively narrow region known as the electron-cascade front, where the plasma
parameters very rapidly reach their quasi-equilibrium values.

Since the first excited level of the argon atom is 11.5 eV above the ground state
and the undisturbed ionization limit is 15.8 eV, adequate inelastic collisions are
assumed to occur between the free electrons and the excited atoms to maintain the
population of all excited levels in a Boltzmann distribution based on the electron
temperature throughout the relaxation zone (see Bates, Kingston & McWhirter 1962;
Byron, Stabler & Bortz 1962; Oettinger & Bershader 1967). On the basis of this
distribution, Oettinger & Bershader derive a ‘modified’ Saha equation relating the
population of an excited state ¢ to the electron number density and temperature.

This equation is
__ mk 9@ [I—Eq]
M9 = Smm, BT QT P LT, )

(1)

where 7n(q) is the number density of atoms in the excited state g; n, is the electron
number density; g(g) is the degeneracy of state ¢; @, is the partition function of the
ions; I is the ionization potential for the atom and E, is the excitation energy of the
state ¢. The ion partition function is assumed to be

QM) = 4+2exp(220), @

€

that is, the ion is considered to be only in its two ground states. Equation (1) implies
that there is no significant population of the metastable states until a significant
electron population has been reached, i.e. at the electron-cascade front. It is worth
noting that the above equations assume a Maxwellian velocity distribution for the
electrons. However, recent work by Meyer-Priissner (1983) and Demmig (1983)
suggests that, in the early stages of ionization, the distribution more closely
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represents a ‘truncated Maxwellian’. It is believed that when the electron density
is low, the frequency of electron—electron collisions is not sufficient to replenish the
high-energy Maxwell tail which is being depleted by inelastic electron—atom collisions.
Consequently, one can expect some deviation from (1). Meyer-Priissner takes into
account the effect of the non-Maxwellian distribution on the excited states and
predicts that their populations can be two orders or magnitude lower in the
relaxation zone. However, the velocity distribution approaches a true Maxwellian
near the electron-cascade front. Consequently (1) can be regarded as valid at the
cascade front and in the quasi-equilibrium region. Once the plasma parameters have
reached their quasi-equilibrium values behind the electron-cascade front, the high
electron number densities give rise to radiation losses through bremsstrahlung and
radiative recombination. This loss process is slow when compared to the original
ionization process, and consequently takes place over a region which is large
compared to the ionization—relaxation zone. Furthermore, the elastic energy transfer
and recombination reactions are sufficiently fast to maintain thermal and chemical
equilibrium during the cooling process.

2.2 Anomalous relaxation

The theory of anomalous relaxation, proposed by Baryshnikov & Skvortsov (1979)
and Mishin et al. (1981), considers a series of chemical reactions in the relaxation zone,
which lead to an exothermic stage in an overall endothermic reaction sequence. These
authors suggest that, if the release of energy is sufficiently large, it can amplify
perturbations in the post-shock flow. They propose that this energy release can come
about as follows:

(i) storage of kinetic energy of the shock wave into highly excited internal energy
states of the particles;

(ii) an accumulation of these excited particles in the flow;

(iii) a transfer of the energy into a form suitable for deactivation; and

(iv) rapid deactivation by superelastic collisions.
The particle state which is important in the energy storage is proposed to be different
for different types of gases. For monatomic ionizing gases, it is suggested that energy
is stored in electronic levels of the atom, whereas for molecular gases it is suggested
that energy is stored in highly excited vibrational states or in chemical bonds. For
an instability to occur from the above process, the flow conditions need to be of a
suitable form. The first step in the process requires a sufficiently strong shock that
will impart enough energy to excite the particles to these levels. It follows therefore
that there is a minimum shock strength below which sufficient quantities of excited
particles will not be formed. Mishin et al. suggest that the density of the gas is also
crucial in the reaction sequence. 1f the density is too low, deactivation will not occur
at a sufficient rate to drive the instability and the internal energy may eventually
be lost as emission. If the density is too high, collisions will rapidly bring the flow
to equilibrium and no instability results. This point appears to be consistent with
observations made by Griffiths, Sandeman & Hornung (1976) who found that, for
Mach numbers comparable with Bristow & Glass’s (1972) experiments but at higher
densities, shock waves were stable. Furthermore it follows that impurities (such as
hydrogen) which have a much larger deactivation cross-section than the test gas
would prohibit a build-up of excited particles. This explanation, if correct would be
congistent with the observations made by Bristow & Glass and Glass & Liu (1978).
The second step in the process requires that these excited states be long lived, such
as metastable levels in an atom. The third step requires the existence of a suitable
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Fieure 1. Numerical solution of Yushchenkova’s (1980) rate equations, n, ny,, n., 23 *: number
density of argon atoms, metastable particles, electrons and molecular ions, respectively. Conditions
correspond to p, = 10 Torr, M, = 14.6.

particle state for deactivation. The fourth step requires this state to have a large
reaction cross-section so that the reaction is sufficiently intense. The result is a
deactivation that increases the Maxwellian temperature of the gas, which in turn
increases the superelastic collision rate to release even more energy into the flow.
Thus for monatomic gases, for example, provided sufficient metastable particles are
present, the flow will become unstable to perturbations in the gas temperature.

2.3. Anomalous relaxation in ionizing gases

To consider anomalous relaxation in a particular gas, it is necessary to establish the
existence of an exothermic reaction sequence. This was done by Yushchenkova
(1980), who suggests a reaction sequence involving metastable atoms and molecular
ions. The molecular ions (the proposed form for deactivation), are supposedly formed
by atom-atom collisions, and then removed by collisions with electrons. Although
a large variety of reactions may affect the concentrations of these particles,
Yushchenkova proposes only the following in an approximate formulation of the
problem:

A+A>AM+A (0)
AMpAM L, AdH 4 oo (I)
Af*+e > A** L A AP+ A+ E+ho. (I1)

Reaction (0) is necessary for the formation of metastable particles, A™; while
reaction (I) generates excited molecular ions, A}*, suitable for the deactivation
which occurs via reaction (II). In this last reaction, A** represents an atom excited
to a level above the metastable state; K is the energy released through collisional
de-excitation of the molecular ion; while v represents the energy lost via radiative
de-excitation of A**. For these reactions Yushchenkova presents a set of rate
equations which she then uses to determine the number densities of the electrons,
metastable atoms and molecular ions. Numerical solutions of these equations for our
experimental conditions are plotted in figure 1. From this figure we note that the



324 A. F. P. Houwing, T. J. McIntyre, P. A. Talont and R. J. Sandeman

metastable population is predicted to rise rapidly to a large value (approximately
2 9% of the ground-state population) in a very short time (< 1077 s). This anomalously
high population can be shown to correspond to an excitation temperature of
23000 K, which is close to the Maxwellian temperature (19600 K) of the heavy
particles behind the translational shock. This is, of course, in contradiction to the
model discussed in §2.1, which predicts that the excitation temperature will equal
the electron temperature.

Yushchenkova proposes that the above reaction sequence occurs within the
relaxation zone and causes the shock-wave instability, and presents some experi-
mental work to support her proposal. She points out that it is possible to study the
kinetics of the reactions by introducing known quantities of metastable particles
ahead of the shock and monitoring the concentration of reaction products behind the
shock through emission measurements. These emission measurements were obtained
by adding a small amount of xenon to the flow. The reaction,

Arf*+ Xe—~>Ar Xet*+ Ar,

enabled indirect measurements of the molecular ion Ar,** concentrations by moni-
toring the Ar Xe* spectral band. In this manner, Yushchenkova studied the kinetics
of reactions (I) and (II) in a ‘low-density plasma-dynamic stream apparatus’, in
which shock waves could be produced. These ‘streams’ had high concentrations of
excited particles, and simulated the state of argon plasmas in shock waves, for
10 < M, < 25, through supersonic flow over bluff bodies or by the interaction of the
plasma flow and a colliding gas flow. She supports her proposal as far as reactions
(I) and (II) are concerned. However, since metastables were introduced artificially,
she was not able to demonstrate that reaction (0) occurs at a sufficient rate (if at all)
to produce the required number of metastable particles, in a flow where such particles
are initially absent. Consequently the present work studies this reaction by measuring
the population of the metastable states through spatially resolved hook
interferometry.
2.4. Hook interferometry

Hook interferometry is a technique for measuring the product of the population of
an atomic level and the oscillator strength of an absorption transition from that level.
It relies on the dispersion of the atoms near the transition. By combining an
interferometer with a spectrograph and with suitable adjustment of the interfero-
meter, the white-light interference fringes observed at the spectrograph image plane
form local maxima and minima, or hooks, on either side of the line. The spectral
separation of these hooks is proportional to the square-root of the number density
of the absorbing atoms and the oscillator strength of the transition. In our
experiment, this technique is used to measure the number density of atoms in
metastable and non-metastable levels with known oscillator strengths. Some of the
transitions studied, however, have very low oscillator strengths, resulting in very
small hook spacings, and the hook vernier method was used to improve the accuracy
of some of these measurements. A detailed analysis of hook interferometry is given
by Marlow (1967), while the hook vernier method is presented by Sandeman (1979).
We present only the equations which are pertinent to our measurements.

Figure 2 is a qualitative representation of interference fringes near an absorption
line as seen in the exit plane of a spectrograph. The hook width 4 is related to the
population of the lower state N; of the transition A;; by the expression

T
42 = (41:()1() N, f,, LA, 3)
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FiGURE 2. Section of a hook spectrum. Ay, line centre; 4, hook separation from line centre.

where 7, is the classical electron radius; f;; is the oscillator strength of the transition;
L is the optical pathlength; and K is the hook constant. In arriving at (3), it is
assumed that A, is sufficiently far from adjacent transition lines to be unaffected by
their dispersion. In the absence of hooks, K is given by

ap>
Y
oA ¥ = const

where p is the order of the interference fringes. Rearranging (3), one can find a value
for N, once 4 is known. If the entrance slit of the spectrometer is imaged into the
relaxation zone, then (3) will yield spatially resolved values for N, along the slit image
(see Sandeman & Ebrahim 1977). The hook vernier method relates the hook
separation 4 to the fringe shift dp between the two hook positions at constant y on
either side of the transition line, through the equation

— (PL.—Pr)A;
4=PLBRC, 4)

where the subscripts L and R refer to the left-hand and right-hand hooks, respectively,
P, and pg being non-integral fringe orders measured at the same value of y. The
above equation can be shown to be equivalent to the hook vernier equation derived
by Sandeman if our 4 is identified with his Fz, and our p;— py, is identified with his
n; with his 4, put equal to zero, since the fringe numbers of our left- and right-hand
hooks were determined at constant y. The main advantage in using the vernier
method is evident when one makes an estimate of the errors involved in the two
different methods. This was done by Sandeman who showed that, for a particular
example, the relative error in a measurement involving the vernier method was
approximately one-quarter of that obtained through the conventional method.

3. Experimental arrangement

For the purpose of making direct comparisons with existing data on shock-wave
stability in ionizing argon, it was decided to use conditions similar to those reported
by Glass & Liu (1978). This was achieved by operating the ANU double-diaphragm
shock tube to produce shock waves with 13 < M < 18 travelling into argon at initial
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pressure 2.8 Torr < p, € 10 Torr. The shock-tube facility, which is described by
Sandeman & Allen (1971), can be operated in either ‘double-diaphragm’ or ‘single-
diaphragm’ mode and is capable of producing shock waves with Mach numbers as
high as 50. For the present investigation, however, it was only necessary to use the
single-diaphragm mode to achieve the required Mach-number range. To obtain
test-gas purity levels which were consistent with those reported by Glass & Liu, a
silicone-oil diffusion pump backed by a conventional rotary vacuum pump was used
to evacuate the shock-tube system to less than 107 Torr, at an outgassing rate of
about 107® Torr/min. To further improve the purity level, the shock tube was first
evacuated to below 107 Torr, then filled with 10 Torr argon, before re-evacuating
to 107 Torr and then refilling to the required pressure of argon. The argon used had
a purity better than 99.996 % by volume. The tube was filled to the desired pressure,
as measured by a thermistor gauge, approximately two minutes before each shot to
minimize outgassing effects. The uncertainty in shock-tube filling pressure was
+0.5 Torr.

To fulfil the aims presented in the introduction, three different arrangements were
used. The first involved using a Mach Zehnder interferometer, together with an
exploding-wire light source and streak camera to produce time-resolved interfero-
grams of the shock, relaxation zone and electron-cascade front. In the second method,
the exploding wire was replaced by a nitrogen-laser-pumped-dye laser and the streak
camera was replaced by a spectrometer to produce spatially resolved hook inter-
ferograms. The third method was very similar to the second, in that the optical
arrangement was for spatially resolved hook interferometry. However, the nitrogen-
laser-pumped-dye laser (N,LPDL) was replaced by a coaxial flash-lamp-pumped-dye
laser (FLPDL), which was in turn used to pump an external fluorescing source with
output in the near infra-red. The FLPDL was set up to oscillate broadband at 650 nm
using Rhodamine 640 to give maximum pumping efficiency of the infra-red dyes.

For the argon atom, there are two metastable levels (see Meissner & Graffunder
1927; Phelps & Molner 1953), these being the 1s; and 1s; energy levels (Paschen
notation as used by Meissner 1926). Thus in order to determine the density of the
metastable particles, it is necessary to measure and then add together the populations
of these states. This is best achieved through studying transitions with sufficiently
large oscillator strengths. Unfortunately, the strongest transitions occur in the near
infra-red, were the output power of the N,LPDL is relatively weak. This is a
consequence of the fact that near infra-red dyes have relatively weak absorption at
the wavelength of the nitrogen pump laser (337 nm) (see Pierce & Birge 1982).
Because of this limitation, we were able to study the population of only the 1s; level
with the N,LPDL. However, both levels could be studied with the FLPDL.

The transition lines used to measure the 1s, and 1s; populations were the
Ay = 696.543; 763.511; 772.376; and 772.421 nm lines corresponding to the 18,-2p,;
18,—2pg; 18,-2p,; and 1s,-2p, transitions. These lines have oscillator strengths of
fiy = 0.0294+0.007; 0.239+0.060; 0.0306£0.0077; and 0.341+0.085 respectively
(Weise, Smith & Miles 1969). In order to determine whether or not the populations
of the metastable levels behaved significantly differently from those of the non-
metastable levels, the 1s, and the 1s, excited states were also studied for comparison.
The populations of these states were measured through the 738.398, 750.387 and
751.465 nm lines, corresponding to the 1s,—2p,; 1s,—2p,; and 1s,—2p, transitions. For
these lines, f;; = 0.119+0.029; 0.133+0.033 and 0.1211+0.030 respectively. By
selecting appropriate concentrations for different dyes it was possible to achieve
spectral coverage over most of the desired wavelengths: 1.1 x 1072 M Nile Blue in
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Fiaure 3. Optical arrangement for time-resolved flow visualization and
interferometer field of view.

ethanol for A;; = 696.543 nm; and (1 to 3.5) x 107 M DOTC in ethyl glycol for the
730-780 nm range. The latter dye was particularly useful since it covered transitions
from each of the two metastable levels (1s,—2p,, 1s,—2p, and 1s,—2p,), and thus
allowed the populations of these levels to be studied simultaneously.

The optical arrangement for flow visualization is illustrated in figure 3. The
exploding wire provided an intense source of light lasting about 50 ps. This light was
collimated through a Carl Zeiss Mach Zehnder interferometer aligned across the end
of the shock tube. Zero-order white-light fringes, localized at the end of the shock
tube, were focused on to a vertical slit which was resolved in time by a Hadland
Industries Imacon 790 sweep camera at a rate of 5pus/cm. An aperture and
narrowband filter (589.5 nm, bandwidth 3.6 nm) were used to discriminate against
flow luminosity. Timing and triggering were achieved by pressure signals from two
sensors mounted in the shock-tube wall. Pulses from these transducers triggered a
counter which measured the shock transit time, while the second transducer also
triggered the exploding wire and streak camera, with suitable delays. The uncertainty
in the measured shock speed was +0.05 km/s.

The optical arrangement for hook interferometry is illustrated in figure 4. The light
sources used had sufficiently short pulse times (= 5 ns for the N,LPDL and 500 ns
for the FLPDL) to freeze the shock wave and flow. The light from the N,LPDL was
allowed to diverge through the Mach Zehnder interferometer without focusing, while
that from the FLPDL system was collimated to a thin rectangular beam. The end
of the test section was imaged on to the entrance slit of the spectrometer through
a 90° beam rotator and lens, thus allowing spatial resolution along the direction of
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Ficure 4. Optical arrangement for spatially resolved hook interferometry, and
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the flow. The plate factor of the spectrometer was measured to be 0.76 nm/mm by
using two or more emission lines from an argon-vapour lamp. These lines which were
recorded on the same film before each shot were also used to identify the transition
lines. Kodak high-speed infra-red film was used to obtain good exposures at the
wavelengths under study. For the N,LPDL experiments the entrance slit of the
spectrometer was maintained at 100 pm, giving a spectral resolution of 0.08 nm.
However, because of the greater light intensity, it was possible to decrease this to
20 pm for some of the FLPDL experiments, increasing the spectral resolution to
0.015 nm. The pressure transducer nearest the end of the tube was used as the trigger
with a suitable delay for the pulsed light source. Photodiodes were used to monitor
the arrival of the shock at the end of the tube and the laser pulse, to give an accurate
measurement of this delay time.

4. Results and discussion
4.1. Time-resolved interferograms

Examples of time-resolved interferograms are shown in figures 5-7, while the
conditions and classifications for each interferogram are summarized in table 1.
Quoted are the shock-tube fill pressure, shock speed, relaxation length of the flow,
and a classification. Four categories are used: S indicates a stable flow; D indicates
a doubtful unstable electron-cascade front; U indicates an unstable electron-cascade
front; and RU indicates that only the radiative recombination region is disturbed.
Examples of the stable and unstable cases are shown in figure 5. In each picture the
shock front (S) is evident as a positive fringe jump due to the sudden increase in
density and hence refractive index. Time is increasing from right to left, and this is
equivalent to the shock wave moving to the right. Behind the shock, at varying
distances, is a negative fringe shift indicating the elctron cascade front (E). This is
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FicUure 5. Time resolved interferograms. (a) Shock classified as stable. p, = 5 Torr; u, = 4.80 km/s;
T, = 294 K. (b) Shock classified as unstable. p, = 5 Torr; u, = 4.78 km/s; T, = 294 K.

4 ps

(a) (b)

F1GUrE 6. Time-resolved interferograms of unstable shock waves at p, = 10 Torr and
Ty =294 K. (a) ug = 4.31 km/s; M, = 13.5. (b) us = 5.25 km/s; M, = 16.4.

(a) (®)

Ficure 7. Time-resolved interferograms for shock waves at same Mach number (M; = 14.8),
but different filling pressures (a) p, = 4 Torr; (b) p, = 10 Torr.
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Relaxation
length
Do (£0.5 Torr) ug (+0.05 km/s) (1 mm) Classification
2.8 4.97 16 S
2.8 5.33 11 RU
2.8 5.51 10 S
2.8 5.75 7 S
4.0 4.73 14 S
5.0 423 29 S
5.0 4 .55 28 S
5.0 470 19 RU
5.0 478 22 U
5.0 4.80 13 S
10.0 4.06 39 D
10.0 4.22 28 U
10.0 431 19 U
10.0 4.73 15 U
10.0 5.00 12 U
10.0 5.25 4 U

TasBLE 1. Flow visualization results. Classification of stability for different filling pressures p, and
shock speeds u,. S indicates a stable flow, U an unstable cascade front and RU an unstable
recombination region. D indicates that the stability of the flow could not be determined.

observed, since electrons have a refractive index less than unity. The region between
these two shifts is the relaxation region and the zone behind the electron-cascade
front is the radiative recombination region. The fringes here have a small positive
slope due to the slow density increase as the gas cools because of radiation losses.
Care needs to be exercised when classifying the interferograms at lower densities,
since smaller flow perturbations are less evident because of the limited resolution of
the interferometer. For this reason, classifications were made on the basis of the
shape of the electron-cascade front, rather than fringe shifts indicating perturbations
in flow density.

Figure 6 shows two interferograms at the higher initial fill pressure of 10 Torr. In
each photograph the electron cascade front is perturbed and the radiative recombi-
nation region also disturbed. Table 1 allows a comparison between stability for the
higher and lower filling pressures. For the initial pressures of 2.8 and 4 Torr most
of the flows are stable. However, for the initial pressure of 10 Torr all the flows are
somewhat disturbed. This is consistent with the proposal that density plays a crucial
role in the onset of instability. A second trend observed is that the instabilities are
worse for a higher shock velocity. Figure 6(b), the fastest shock, has a very severe
perturbation of the electron-cascade front while those at lower shock speeds, such
as in figure 6(a) are far less perturbed. Both trends are consistent with the proposal
made by Mishen et al. (1981). An increase in density would suggest that a larger
number of metastable atoms are formed and the molecular ions are deactivated at
a faster rate. The stronger shock affects the energy release as it imparts more energy
into the system. A further observation is that the relaxation length shortens with
increasing shock velocity. This can be explained by realizing that a faster shock
induces higher temperatures and densities which cause an acceleration of the
reaction sequence. Mishen et al. also propose that at even higher densities, the flow
should once again become stable, since deactivation exceeds the rate at which
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FicURE 8. Spatially resolved hook interferogram obtained with FLPDL system.
E, electron-cascade front; A;;, transition line.

metastable particles are being produced. As yet we have been unable to verify this,
since at the highest densities studied in the present work the cascade front is still
perturbed.

4.2. Hook interferometry results

The above comments, of course, are valid only if the production of metastable atoms
behind the shock is a reality. To determine whether such particles are in fact
produced as predicted, we study the results obtained using hook interferometry. A
selected hook interferogram showing the electron-cascade front and the post-shock
flow are given in figure 8. Wavelength increases from left to right, while distance from
shock to electron-cascade front is from bottom to top. The absorption line A;; under
consideration was marked by the corresponding emission line from an argon-vapour
lamp. Fringes both before and after the shock showed no sign of the formation of
hooks and thus the population of each excited level studied was less than the smallest
resolvable value. The interferograms show the electron-cascade front (E) evident as
a deviation of slope and a narrowing of the fringes. No hook was formed between
the shock and electron-cascade front, but hooks did form within the electron-cascade
front.

Comparisons between theoretical and measured populations were carried out for
both stable and unstable conditions. The theoretical calculations were performed by
a computer code based on the kinetic model presented by Oettinger & Bershader
(1967). The theoretical values of the excited-state populations were computed via (1),
and are plotted together with the experimental results in figure 9. It was considered
that the more complete calculations of Meyer-Priissner (1983) were unnecessary for
the present study, since the effects of the non-Maxwellian distributions are only
significant for populations far below the resolution limit of our experiment. Similarly,
cffects on the relaxation length are small when compared with our errors. The
experimental values for the excited-sate populations were calculated from the
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Fiaure 10. Experimental and theoretical values of metastable populations in relaxation zone
and quasi-equilibrium region. py = 10 Torr, u; = 4.35 km/s.

measured hookwidths via (3) and (4). It was possible to measure the populations of
the 1s,, 1s, and 1s; levels independently. However, in order to determine the 1s,
population, it was necessary to de-convolute the 772.376 and 772.421 nm lines.
Errors in determining the excited-state populations were mainly due to the limits
placed on the spectral resolution through the width of the spectrometer entrance slit.
There was, however, also a small contribution from errors in locating the hook
positions on the interferograms. The error bars associated with points at zero number
density indicate the smallest resolvable population for the particular transition line
under study. Not included in these errors are the contributions from uncertainties
in the quoted oscillator strengths.

One limitation of the present experimental arrangement is the existence of the
expansion fan at the shock-tube exit, which restricts the steady flow to a Mach cone
region as illustrated in figure 11. This figure depicts a ray from the interferometer test
beam passing through the flow at a distance z from the edge of the shock tube. The
pathlength L of this ray can be broken up into two components, L, = 2rand L, = 2r,
where 7 is the radius of the Mach cone at 2z, and 7’ is the width of the annulus between
the shock front and the Mach cone. The value of r can be found quite readily for a
particular value of z once the Mach angle x ia known. However, the value of 7, and
the values of the non-equilibrium flow parameters in the unsteady expansion, are not
as easily determined. None the less, it is necessary to estimate the contribution of
these parameters to the measured hookwidths. This can be done by estimating the
minimum and maximum values of the excited-state population between the diffracted
shock wave and the edge of the Mach cone. Furthermore, an estimate of »’ can be
obtained by assuming a particular shape for the diffracted shock. It is thus possible
to determine a lower and upper bound for the effect of the expansion on the
hookwidths. These bounds will represent systematic errors on the measured popula-
tions, the errors being smallest at the tube exit and increasing with z. Thus for a
particular interferogram, the errors will be largest for small values of y and will
decrease with increasing y. It is important to note, however, that the results given
in each figure of figures 9 and 10 are from measured hookwidths from three or more
interferograms, the electron-cascade front being at a different value of z in each case.
Consequently it was possible to reduce the systematic errors for quite a number of
measurements.
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Ficure 11. Sketch of flow at shock tube exit.

Although the prime objective of the present experimental work was to measure
the excited-state populations inside the relaxation zone, some measurements were
also made of metastable populations in the radiative recombination region. These
measurements were for the purpose of determining whether collisional de-excitation
of these levels was sufficiently fast to keep pace with the cooling process. It was
possible to use a slightly different experimental arrangement which improved the
resolution of the excited-state populations for these latter measurements, since it was
not necessary to have the same degree of spatial resolution that was required when
determining populations inside the relaxation zone. The results from these
experiments are plotted in figure 10, together with some values from figure 9(f).

From figure 9, we note that the values predicted by Oettinger & Bershader (1967)
are in excellent agreement with our experimental measurements for both the stable
and unstable cases. However, on comparing the results of figure 9 with the
predictions of figure 1, we note that metastable populations predicted on the basis
of Yushchenkova’s rate equation are about 50 times larger than those based on (1)
and our experimental values. Our results therefore indicate that reaction (0) proceeds
at a much slower rate than predicted, and that the anomalously high populations
are not reached. One might argue that, since the metastable population reaches an
appreciable value at the electron-cascade front, an amended form of the reaction
scheme (0) to (II) could occur at the electron-cascade front or in the radiative
recombination region. However, we are sceptical about such a proposal, for the
following reason: the whole concept of anomalous relaxation is based on the
assumption that the excitation temperature of the metastable particles is much
larger than the Maxwellian temperature of the flow. In contrast, our experimental
results have shown that the metastable populations in the quasi-equilibrium region
are consistent with the predictions of Qettinger & Bershader (see figure 10), thus
suggesting that these populations are in equilibrium with the flow, and consequently
there is no energy available for de-excitation.
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5. Conclusions

We have demonstrated that the atom-atom collisional process suggested by
Yushchenkova (1980) is not an efficient means of populating the metastable states
since their populations were shown to be unresolvable in the relaxation zone.
However, since they were considerably higher at the electron-cascade front, we
deduce that electron-atom collisions are more efficient in populating these levels.
This point is consistent with the accepted theory of excitation and ionization of
argon, but contradicts the proposed reaction scheme for destabilizing the shock
wave. In addition, our experiments have further substantiated the two-step
ionization process for argon, since the results indicate that the populations of the
levels studied are consistent with Boltzmann distributions based on the electron
temperature.
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