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Studying ionizing shock wave by IR diagnostic techniques 

R. I. SOLOUKHIN, YU. A. YACOBI and V. I. YACOVLEV (NOVOSIBIRSK) 

MEASUREMENTS were made of the electron concentration profiles behind strong shock waves 
propagating in argon at shock Mach numbers between 10 and 13.-A complex multipurpose 
COrlaser-interferometer technique was developed to study the time histories of the electron 
densities as also the plasma absorption coefficients and electron temperatures across the shock 
wave. Electron temperatures and ionization rate constants were evaluated. 

Wykonano pomiary profil6w koncentracji elektron6w za silnymi falami uderzeniowymi roz
przestrzeniajllcymi si~ w argonie przy Iiczbach Macha od 10 do 13. Rozwinic:to skomplikowanl\, 
wielozadaniOWC\ technik~ pomiarOWC\ laserowo-interferometrycznll dla analizy przebiegu zmian 
czasowych koncenttacji elektron6w jak r6wniez dla pomiaru wsp6lczynnik6w absorbcji plazmy 
i temperatury w przekroju poprzecznym fali uderzeniowej. Obliczono temperatur~ elektron6w 
i wsp6lczynniki pr~dko8ci jonizacji. 

llpOH3Be;::teHbi H3MepeHID1 npo<I>HJieH I<OH~CHTpauHH 3JICI<TpoHOB 38 CHJibHbiMH y;::tapHbiMH 
BOJIHaMH, pacnpocrpawn<>IIUIMHCH B aproHe npH 'IHCJiax Maxa OT 10 ;:tO 13. Paapa6<mma I<OM
rmei<CHa.a, YHUBepca;u,Ha.R: H3MepHTeJII>Ha.R: naaepHo-HHTep$epoMeTpHTieCI<WI TeXHHI<a .z:tJI.R: aHa
JIHaa npo~ecca apeMeHHbiX H3MeHemm I<o~eHTpa~H 3Jiei<TpoHOB, a TaiOI<e .z:tJI.R: H3MepeHH.a 
I<OO$$HIUICHTOB a6cop6IlHH nJia3Mbl H TeMnepaTYJ'hi B nonepetmOM CC'ICHHH y;::tapHOH BOJIHbl. 
O~eHeHbl TeMnepazypa 3JICI<TpoHOB H I<o3<P$~HeHThi CI<OpocTH · HOHH~H. 

Introduction and basis of the method 

THOUGH many aspects of the ionization kinetics behind the shock front of noble gases 
has been studied extensiv~ly [1, 2], some essential details of the ionization reaction mech
anisms are still not understood clearly and the problem appears to be of a permanent 
interest for basic developments of shock ionization kinetics and their applications in high
temperature gasdynamics. The purposes of this investigation were to determine in greater 
detail the variation of electron densities, and to evaluate the electron temperatures in 
a shocked gas using novel IR-diagnostic techniques which make it possible to follow 
the transient electron concentration and plasma absorption coefficients behind an ionizing 
shock front with high detection sensitivities and perfect time resolutions. 

The most applicable optical methods developed to study the ionized gas states can be 
separated into two large groups: (a) measuring techniques which are based on the re
fractive index variations, such as schlieren or interferometer methods; and (b) gas emissi9n 
and abs~rption measurements which are based, under equilibrium conditions, on the 
validity of Kirchhoff's law. The informative uses of these methods depend essentially 
on the light wavelength value A. The plasma refractive index for monochromatic light 
can be written as 

(1) 

where Ne and N0 are the electron and atom number densities, respectively, 
A = 4.46 · 10-14cm [3]. In the infrared spectral region, the first term in the Eq. (1) is of a 
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few orders of value higher than the second; therefore, any phase changes in a probing 
light beam introduced by a plasma under test are completely determined by the charged par
ticles component only, and the relative sensitivity of the method to the electron density 
determination is increased as a square of the wavelength. Thus the electron concen
trationof a partially ionized gas is simply determined from a phase change L1cp.using an ap
propriate interferometer technique in measurements: 

(2) .L1cp = 2nANeL)., 

where L is an optical path of a probing beam in a plasma. Information of this kind can 
be essentially supplemented by measurements of the plasma density gradients V Ne by 
means of a schlieren method: 

(3) 

where p is an angle of the parallel beam inclination in a non-uniform plasma. Finally, 
the measurements of light absorption coefficients K, in a continuum spectrum including 
the stimulated emission, may also serve as a source of information on plasma densities 
and temperatures since 

(4) 

It is seen that the plasma temperature can be extracted using the Eq. ( 4) if the electron 
concentration Ne is .determined independently by way of (2) and (3). Since in all these 
techniques, only non-dimensional variable parameters are determined, rather high detec
tion sensitivities can be achieved. The lower limit of a method of application can be de
termined from a minimum detectable deviation of the initial value, ~' in the experiment. 
For instance, in the interferometer measurements 

I ~~ 
(5) (Ne)min ~ A).L • 

The following assumptions can be made in evaluations of the schlieren method sensi
tivities, (a) the focused laser beam diameter d is determined by a diffraction divergence 
d0 / )., where d0 is the initial beam diameter, and (b) a characteristic size of an electron 
density gradient in a relaxation zone is of the order of the shock tube diameter. Then 

(6) 

In order to evaluate the detection sensitivity of an absorption technique [4], it is necessary 
to take into account that (a) I, = k78 · 10- 2g11 v- 2T; 3

'
2Ni, where g11 is the Gaunt's 

factor, and (b) the plasma transparency which can be determined through a beam trans
mission 0 = exp(- KL) is recorded in Jhe experiments: 

, ~ 2 · 1011 T3
'
4 [log(l- ~~~)]112 

(7) (Ne)mtn "' L112). • 

Consider a numerical example assuming L = lOcm, g11 ~ 1, d0 = 0.5cm~ T = 104 °K, 
bi,s,a "' 0.05. Then, from (5), (6) and (7), we obtain respectively: 

(8) 

where ). is in cm. 
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The maximum electron concentrations available to be measured using an active optical 
diagnostic technique are limited and can be determined by way of the plasma frequency as 

nm 1013 

(Ne)max = A. 2e~ ~ ---p- • 
It is clearly seen from the above consideration that detection sensitivities of all three 

methods listed are essentially improved with increase in the light source wavelength. 
Typical plasma conditions appropriate for various diagnostic techniques are shown in 
Fig. 1. A sequence of the available laser frequencies He-Ne, C02 and HCN lasers as well 
as microwaves of the 0.8cm wavelength are indicated specifically in the diagram. The 
widely used microwave diagnostic techniques [5, 6] easily provide electron concentration 
measurements in a range of 109-1013 cm- 3

, where as is seen in Fig. 1, schlieren and absorp-
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FIG. 1. Diagram illustrating plasma parameter ranges available for applications of various measuring 
techniques. Minimum plasma densities detectable in the experiments (5 per cent of total value) are plotted 
as a function of the wavelength of a source of the probing electromagnetic radiation. The plasma frequency 
limit represents maximum electron number densities detectable using active radiation methods. The dotted 
lines represent degrees of ionization ex required the electron contribution into the plasma refractive index 

being equal to the effect of neutral atoms. 
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tion techniques cannot be applied due to the plasma frequency limitation. On the other 
hand, experimental methods of active diagnostics in the visible measurements of plasma 
densities in a range between 1015 and 1021 cm- 3 [3], and it should be taken into account 
that the degrees of ionization which correspond to equal contributions of the charged 
and neutral particle contributions into the. refractive index of the parti~Ily ionized gas, 
are evaluated to be of the order of 0.1. · 

The most interesting range of electron concentrations between 1013 and 1017 cm- 3 

appears to be appropriate for infrared diagnostic techniques [7-10], and the degrees of 
ionization can, under these _conditions, be within IX ,.., (10-1 -10- 5). 

Note that the developments of IR diagnostic techniques have been greatly facilitated 
during last few years due to applications of

1
m.olecular lasers, such as C02-lasers, used 

as a light source in various methods of active plasma diagnostics. As illustrated in experi
ments described below, a complex of various interrelated IR diagnostic techniques appears 
to be the most effective tool in studies of ionization relaxations in shock waves. 

Experimental investigation 

The purpose of these experiments was to make careful simultaneous measurements 
of the nonequilibrium electron concentration profiles and the plasma absorption coefficients 
behind normal snock waves, and from these data to evaluate electron temperatures and 
ionization rate constants in argon. The high shock velocities required (M1 = 10 -13) 
were obtained by performing the experiment in a double-diaphragm shock tube, 3.4m 
long and 3in. di.ameter, operated at initial pressures of 3· -10torr. The driver gas in the, 
first chamber was helium at initial pressures of 140 atm preheated up to 550°K, argon 
(0.1 -0.4) atm being used in the second driver chamber. Shock wave velocities were 
determined by the signals from two ionization-type gauges mounted in the shock tube 
wall by using a simple electronic computer. The accuracy of the shock speed measurements 
was estimated to be less than one per cent. 

The experimental setup is shown in Fig. 2. The incident laser beam from a conventional 
cw C02-laser, operated in a single-mode, was split by a germanium plate p 1 into the 
probing and reference beams which then combined by means of plates p2p3p4. 

Germanium was proved to be the most appropriate material for these plates used as 
beam-splitters, since -in the 10· microns spectral region and at thic~esses of 4mm, the 
intensities of the transmitted and reflected beams are approximately equal to each other, 
and the light absorption is not very significant. To avoid accessory multipass interference 
effects, an edge angle between planes of a plate was made to be of about 1°. 

In a Mach-Zehnder interferometer system, the prism sequence P1 P2 P4 and the mirror 
P3 can be adjusted to obtain the interference pattern in one direction (i.e. along 1,2), 
and in the other direction (2', 2") the joined beams diverge and no interference occurs. 
These two divergent beams· passed through a test plasma sample can be employed for 
independent measurements of electron density gradients using a schlieren system (2') 
and for recording plasma absorption coefficients (2'.'), as seen in Fig. 2. Space resolutions 
of the recording channels were essentially improved using a kind of telescopic system 
(lenses L 1 and L3) in order to decrease the incident beam diameter up to 1.5mm. Two 
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FIG. 2. Experimental setup. Germanium plates (prisms), P, IR lenses, L, and GeAu detectors, D, are noted. 

lenses, L 2 and L4 , were located at equal distances of I = 2/ (where f = 25 cm is the focal 
length of the lenses) from the subsequent GeAu detectors D2 and D4 , which were used 
to detect the interfering (1, 2) and absorbed beam intensities. In addition to the image 
reproduction functions, these lenses were proved to be extremely helpful in decreasing 
the laser beam spot displacements at the detector sensing elements caused by strong 
schlieren effects in a non-uniform plasma sample. In a schlieren system (beam 2'), the 
knife edge K is located close to the focal point of the lense L4 and the IR detector D3 
is placed at a short distance from the knife edge. In order to provide the control of the 
incident laser beam output level, the transmitted beam I' intensity is modulated by a GaAs 
electro-optical modulating cell and then recorded by a GeAu detector, D1 • The. signals 
from the IR detectors were fed to amplifiers, and then displayed on a multitrace oscillo
scope. The rise times of the reco10ing channels were checked to be less than 0.5 p.sec. 

Typical oscilloscope records are shown in Figs. 3 and 4. A moment when the electron 
concentrations traversed their maximum values behind a shock front is easily detected 
on these records and corresponds to the rapid changes in rates of the interference fringe 
shifts which are "counted" in the interferograms to maximum values of the absorption 
coefficients and to changes in the polarity of the schlieren signals. The maximum magni
tude of a schlieren signal corresponds to the maximum rate of the fringe shift. Thus, the 
general shape of an electron concentration profile is reliably determined by means of 
simultaneous recording of interference, schlieren and absorption signals. The location 
of a shock front is clearly detected in the interferogram records as a small-magnitude 
signal caused by the neutral atom contribution to the refractive index jump, the electron 

7* 
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FIG. 3. Typical oscilloscope traces of the interference, 
schlieren absorption and incident laser radiation signals 
obtained in one shot simultaneously using a five-trace 

V oseilloscope. 
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FIG. 4. Typical oscillograms of interference and absorption signals obtained simultaneously in one shot. 
Two different sweeps are used in this recording: 
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FIG. 5. Measurements of the density ratio behind a shock front in argon. 

concentration effects being at this moment negligible. The corresponding phase changes 
in the interferometer system proved to be quite small: L1q; = - (0.02-0.0SS)n, and were 
employed to measure the neutral atom density ratios · in shock fronts. The results shown 
in Fig. 5 clearly indicate that the first spike in the interferograms corresponds to the purely 
neutral component contribution in the shock front density jump. At high shock Mach 
numbers and low initial pressures, the remarkable deviations from the theoretical gas
dynamic predictions observed may perhaps be explained as a result of effects of the initial 
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electron concentrations which were evaluated to be of the order of 1013 cm- 3 at M 1 = 12 
and p 1 = 3 torr. Figs. 6 and 7 illustrate typical electron concentration profiles obtained from 
the interferometer records and represented as a function of the laboratory time. A compari-

FIG. 6. Electron density profiles behind 
a shock wave in argon. Initial pressure 

is 3 torr. 

FIG. 7. Electron density profiles behind a shock 
wave in argon. Initial pressure is lOtorr. 

-- theoretical results 

OL-------~------~------~ 
10 11 12 

FIG. 8. Comparison between theoretical 
and experimental maximum electron num

ber densities. 
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1.6 

-- theoretical results 
8=exp[KL} L•7.6cm 

o experimental data 
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~L-----~----------~----------~ 13 -n 12 

Shock Hach Number M 

FIG. 9. Comparison between the experimental 
data on the IR radiation transmission coefficient 
(at 9.4micron) with calculation performed for an 
equilibrium region behind a shock wave in argon. 
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son between the maximum measured and calwlated equilibrium electron concentra
tions presented in Fig. 8 shows good agr~ement between these values as well as between 
predicted and measured magnitudes of the transmitted beam intensities (Fig. 9). 

Ionization times are shown in Fig. 10 as a function of the shocked gas temperatures. 
Note that commercially available argon was used in the experiments; therefore the measured 
ionization relaxation time experimental points plotted in Fig. 10 are significantly lower 
than those measured in a low impurity level gas [11, 12] and are close to the experimental 
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FIG. 10. Ionization relaxation times in argon 
plotted as a function of 105

/ Tao, where T00 is 
the "frozen" temperature behind a shock front. 

data obtained in [13, 14]. Figures 6 and 7 show that the electron concentrations behind 
a shock front are gradually decreased after the maximum value is achieved. The higher 
shock Mach number the higher the rates of the electrbn concentration decrease observed, 
in accordance with the theoretical predictions based on the radiative heat transfer cooling 
mechanism as assumed in [15, 16]. 
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FIG. 11. Electron number density profiles in 
a relaxation zone behind a shock wave in 
argon. The electron-atom ionization rate 
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Initial stages of the electron concentrations rise behind a shock front are presented 
in Fig. 11 for three shots corresponding to different shock Mach numbers at the same 
initial pressures of argon. The exponential dependence of Ne on time is observed in a suffic
iently wide region of a profile. Such a behaviour of the system can be treated as indicating 
that the electron impact mechanism is dominant during this stage of the ionization process 
[2]. Therefore, an effective ionization rate constant P can be derived from the measured 
electron concentration profiles as follows [15]: 

(10) dNe p N -d = Na ev, 
t* 

where t* is time in the gas particle coordinate system. Generally, P markedly depends on 
the gas temperature variations within a relaxation zone, but at sufficiently low ionization 
we may assume approximately 

(11) {J ~ 1 dlogeNe 
Na dt* 

as indicated experimentally (Fig. 1i). Since p proved to be approximately constant in the 
region under consideration, the quasi-steady behaviour of the electron temperature is 
indicated as shown theoretically in [2, 17, 18]. The dependence of P on electron tempera
tures in a relaxation zone has been treated in [2] on the basis of diffusion approximation 
and the real energy structure of an atom. Experimentally, in the case represented in Fig. 11, 
the effective ionization rate coefficients varied between 6.7 · 10-14 and 2.3 · 10-13cm- 3

• 

Electron temperatures within time intervals corresponding to the electron-impact-governed 
stages of the ionization process were estimated from the measured values of {J [2] to vary 
between 12400°K and 13 600°K, or slightly higher than the equilibrium gas temperatures 
behind a shock front. 

It should be stressed in conclusion that the combined IR diagnostic techniques based 
on simultaneous applications of the C02-laser interferometry, as also schlieren and absorp
tion measurements are proved to be extremely informative in experimental studies of 
nonequilibrium transient plasma phenomena. The method is highly reliable and effective 
in measurements performed in a wide range of plasma densities and temperatures which 
seem to be the most characteristic for a variety of experiments with low temperature 
laboratory plasmas. 
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