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ABSTRACT 

The interaction of microwaves with gaseous plasmas is used to 

study weak shock waves in low pressure gases. An improved technique 

for microwave measurement of plasma parameters is used which is ap¬ 

plicable to plasmas, varying rapidly with time. By this method the 

electron density and the collision frequency in a plasma are deduced 

from the simultaneous recording of two microwave detector signals. The 

validity of this method was* tested in a decaying plasma created by a 

pulsed DC discharge in the usual way. 

In this method the gas is weakly pre-ionized and shock waves 

with a Mach number too low to ionize the gas are then propagated. 

Using a tube ãmm in diameter and condenser discharges for the 

production of shock waves up to 200 joules with Mach number up to 5 

in a pressure of 4 to 13 mmHg in Neon and Argon, it is found that 

the measured electron density increased across the shock discontinuities 

in the ratio of the gas density ratio. The electron temperature, deduced 

from the measured electron-ion collision frequency is, as expected, lower 

than the gas temperature estimated from the Mach number 

In addition to the electromagnetic behavior the optical properties 

of the plasma are put to use in these studies These properties provide 

us with an independent source of information which is directly correlated 

with the microwave measurements. 

Finally, a method for measuring the higher electron densities in 

plasmas is proposed. 
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1. INTRODUCTION 

It has been observed in the early phases of our work on TR spike 

investigation that when rapid discharges occurred in TR cavities 

the transmitted but attenuated RF signal appeared to be modulated during 

a more or less extended time interval following the magnetron pulse. 

This phenomenon was then attributed by us to an oscillatory motion of 

the ionized and also non-ionized gas, but the phenomenon could not be 

investigated then in any detail because of lack of time. 

Before starting with RF discharges, we investigated these and 

similar phenomena in a pulsed DC discharge. Experiments were begun 

with discharge tubes of simple and usual geometries. 

It is now known that shock waves are detected in heavy condenser 

discharges, particularly in relatively low pressure gases. These shock 

wave phenomena will be the subject of the initial part of these investi¬ 

gations . 

The main broad historical steps appear to be the following. The 

first observation of a bright luminescence in a tube connected per¬ 

pendicularly to a main tube in which RF discharges had been ignited 
2 3 

without electrodes was reported by R. L. Rayleigh. R. F. Fowler 

found that a luminous wave propagated at a velocity higher than sound 

in the side branch of a T-shaped gas discharge tube, after a strong 

discharge had been ignited with internal electrodes in the main tube. 
4 

M. Cloupeau also showed clear photographs of light intensity variations 

in the afterglow of a condenser discharge excited in Xe at 10 mmHg. This 

was attributed to longitudinal and lateral shock waves. More recently, 

measurements have been performed on shock waves and many papers have 

reported results obtained by studying shock waves using optical and 

spectrospical methods. Measurements using microwave techniques have 
5,6 

also been reported. 
0 

Schultz noticed that it would be possible to determine by micro- 

wave techniques both electron density and collision frequency in a 

plasma produced by an ionizing shock wave. However, since a mic~owave 

signal is generally highly attenuated when it propagates through a 



plasma produced in a low pressure gas the propagation method using such 

a microwave signal is restricted in its application. This attenuation is 

caused by the fact that the plasma frequency associated with the electron 

density reaches a critical value corresponding to the microwave frequency. 

The impedance of a small volume of plasma, however, can be measured at 

higher densities provided a condition presented in 7 is satisfied. If 

the method reported here satisfies this condition, the range of measure¬ 

ments can be extended to electron densities higher than the critical 

value. 

Usually microwave techniques for the investigation of plasma 

impedance are based on the shift of the minimum amplitude position 

of a standing-wave detector and on the change of the standing-wave ratio, 

but when the plasma is produced by a non-recurrent (one-shot) discharge, 

these standard techniques become inadequate. Since the initial conditions of 

such weak transient discharges are not always reproducible as exactly as in 

the case of a weak recurrent discharge, a modified method of microwave 

measurement is here developed using time resolved photographs of the 

microwave standing wave amplitude which yield both the electron density and 

collision frequency. By using these techniques shock waves produced by 

electrical discharges have been investigated. 

The method requires a minimum detectable electron density, and when 

strong shocks are studied, this is provided by the ionizing shock waves 

themselves. However, in order to study weak, that is non-ionizing, 

shocks a plasma with the appropriate electron density has to be provided 
5 

by auxiliary pre-ionization, as used by der Agobian . 
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2. SOME PRELIMINARY EXPERIMENT OF SHOCK DETECTION 

We planned at first to determine the propagation velocity of the 

shock wave by using phototubes to measure the discontinuities in the 

light emitted by the tube. The simple arrangement of the apparatus 

is shown in Figure 1. A strong pulsed discharge was ignited between 

electrodes 1 and 2 in a tube which had a construction similar to that 
g 

used by V. Josephson. The electrode 4 and outside strip electrode 

3 were used to ignite an auxiliary pulsed discharge. There are two 

holes in the box housing the phototube and each can be opened or 

closed independently. The output current from tne phototube located 

10 cm distance from electrode 2 is shown in Figure 2. Here pre¬ 

ionization was not used. The discharge was produced in Argon at the 

pressure of 15 mmHg. The first peak of increased light intensity in 

Figure 2 came from the main discharge, and the second smoother peak 

was due to the light emitted by recombination of electrons and ions 

which diffused from the region of the main discharge. The explanation 

of the latter effect was confirmed by the quenching of this afterglow 

when a heating microwave pulse was propagated through the region of 

interest at the appropriate time. However, the first peak of light 

intensity was later shown to be due to some component of current 

flowing from electrode 1 to electrode 4, since it disappeared when 

electrode 4 was not grounded. 

If the gas has not been pre-ionized, the weak shock produced by 

the discharge traveling down the tube will not carry energy sufficient 

to ionize the neutral, unheated gas As a result of this failure of 

the forward traveling shock wave to ionize the neutral gas, its presence 

will not be detected by our light-measuring apparatus. However, the 

shock wave will be reflected at the end of the tube and travel back 

toward the discharge. The backward-traveling shock wave will be 

even weaker than the forward-traveling wave and will not produce 

visible light in the neutral, unheated gas either. However, an 

envelope of hot gas has been moving down the tube from the discharge 
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in the wake of the shock wave. When the backward-traveling shock wave 

enters this region its low energy^ill still not be sufficient to cause 

ionization, but it will compress the gas and increase the recombination 

causing a corresponding increase in light intensity. This accounts for 

the discontinuity which occurs at about 1000 Usee in Figure 2. This 

discontinuity has been circled and’drawn out of scale for emphasis. 

The discontinuity consists of two bumps, the first being due to light 

detected at the light detector position A, and the second to light 

detected 40 Usee later at B (See Figure 1). Light is detected at A 

before B, indicating that it is due to a backward-traveling wave. If 

the detector is placed more than 10 cm from the discharge no light can 

be seen at all. This is because the hot gas is traveling much slower 

than the shock wave. If the photocell is any further from the dis¬ 

charge the backward-traveling shock wave will have passed the obser¬ 

vation point before the hot gas arrives and no light will be observed. 

The decrease in light intensity in Figure 2 after the shock wave has 

passed is due to a quenching of the afterglow by the heating effects 

of the shock wave. 

When the shock was propagated in a pre-ionized gaseous medium the 

result was as that shown in Figure 3. The discontinuity found at 

200 Msec in Figure 3 was attributed to the compression caused by the 

forward-traveling shock wave and was larger than that caused by the 

reflected wave in Figure 2. The pre-ionization was produced by an 

auxiliary discharge. In this case, the two peaks of the discontinuities 

had equal heights probably because the remaining electrons at that time 

were distributed uniformly along the axis of the tube. In this experiment, 

the forward propagation velocity was about 0.1 cm/Msec (which would cor¬ 

respond to a Mach number of 3). The corresponding value of the gas 

o 9 
temperature was about 1000 K. At this temperature the gas atoms 

cannot be ionized effectively, but some of them might be excited by 

the electrons produced in the auxiliary discharge. 

The thyratron tube previously used cannot handle peak currents 

higher than several hundred amperes. To operate with higher current, 
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Figure 2. Light intensity without pre-ionization 

Figure 3. Light intensity with pre-ionization 
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a gap switch with a triggering electrode of the type reported by Cullington 

was used. This gap switch is connected directly to the condenser terminal. 

The ringing frequency of the discharge circuit was 130kc and the inductance 

was 27 RH. The maximum voltage, energy, and mean current during the first 

4 
half cycle was 7kv, 200 joules, and 2 x 10 A, respectively. 

Since we are interested in shock waves which might be produced in 

TR tubes, we pulsed our phototube with a strong microwave discharge 

produced by a magnetron. Trials were made with and without pre-ioni¬ 

zation, but due to the low power output (lOkw) of the magnetron then 

available, no discontinuities attributable to shock waves were detected 

in the light. However, several peaks of light were observed propagating 

along the discharge tube during the afterglow. These were probably due 

to moving striations where small DC currents were flowing. The effect 

was eliminated by shunting the electrode with a 1 k fl resistor. Such 

disturbances in the afterglow should be carefully avoided when a pulse 

discharge is used. 
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3. EXPERIMENTAL APPARATUS FOR SHOCK WAVE STUDIES 

The apparatus consists of a shock tube and a microwave circuit as 

shown in Figure 4. The shock tube, which is 40 cm in length and 0.5 cm 

in diameter, is placed across two waveguides in which an x-band low 

level microwave signal is propagated. These waveguides may be placed 

at any desirable distance from one another and are connected through a 

directional coupler to the same microwave source. In order to increase 

the resolution one of these waveguides is tapered to a flat section. This 

waveguide is terminated with a movable short and has two probe detectors, 

one on each side of the shock tube. A fraction of the microwave energy 

is taken from the first waveguide through a directional coupler and 

propagates in the second waveguide where it is detected by the probe 

detector 3. 

The shock waves are produced in the tube which is filled with a 

gas at the desired pressure by discharging an 8 condenser charged 

to 7kv between electrodes A and B. In order to reduce the ignition 

delay time the condenser discharge path is very weakly ionized by 

a small DC current passing between the electrodes A and B through a 

high resistance shunting the gap switch. In order to provide the 

plasma in which the shock wave will propagate, a pulsed DC discharge 

pre-lonizes the gas between electrodes B and C. As the shock wave 

travels down the tube it will disturb the decaying plasma, causing 

perturbations in the microwave transmission in the two waveguides. 

The standing wave produced in the first waveguide by the movable 

short is detected by probes 1 and 2 and displayed on an oscilloscope. 

This standing-wave is modulated by the plasma so that the perturbation 

of the plasma by the shock wave causes a clearly visible disturbance 

in the standing wave. From the time varying amplitude of these 

signals, the instantaneous impedance of the plasma can be determined, 

which in turn yields the plasma parameters n and v in the absence as 

well as in the presence of the shock wave. 

The signals from detectors 3 and 1 or 2 yield the time interval 

for the shock wave to propagate from the first to the second waveguide 
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and hence its local velocity. Since the discharge is non-recurrent, 

the traces displayed on the oscilloscope are recorded photographically 

for analysis. Concurrently with the microwave observation, a photo¬ 

multiplier is used for the detection of any discontinuity in the visible 

light intensity in the plasma afterglow. 

A vacuum system was used to evacuate the tube down to pressures 
-7 

of 10 mm Hg. However an appreciable amount of impurities of metal vapor 

were produced at the electrodes during each condenser discharge. The 

presence of these impurities in the plasma was indicated by a change 

in color or by a shortened decay time However, when a recurrent DC 

discharge was set up in the tube, it was learned that the natural 

color of the gas soon returns, indicating that the metallic gases 

are deposited back on the electrodes or on the glass. Since it would 

be extremely inconvenient to replace the gas after each discharge the 

same gas was used, allowing for a sufficiently long time interval 

between discharges. The situation was improved by the use of acti¬ 

vated charcoal maintained at low temperature in a side tube close to 

the electrodes A and B. 

< 

II 



4. PRINCIPLES OF THE MEASUREMENTS 

o 

The method is capable of yielding the velocity of shock waves in 

plasmas and the variation of the background plasma parameters n and v 

as a result of shock-wave propagation. The velocity of the propagating 

shock wave decreases as it proceeds along the tube. Hence one can speak 

about an average velocity over a length of propagation path and of a 

local or instantaneous velocity if the path is short with respect to 

the total path. When the distance d covered by the shock wave in 

time t takes the form d = t^, the local velocity vt = ß ) = ßx 

mean velocity - ßv. If a wave is found at d^ at time t^ and at d^ 

at time t_, ß is determined from 

log d2/d1 

loS t2/tl 
(1) 

_ ß-1'ß 
and v is equal to pd 

The initial conditions of the discharge cannot be reproduced 

exactly each time, hence the usual microwave techniques applicable 

to study the phenomena occurring regularly at high repetition rate 

are here inapplicable. In particular, the standard techniques to 

find the plasma impedance from the shift of the minimum position and 

the ratio of a standing wave produced in the waveguide by a recurrent 

plasma cannot be used here, and a modified method has been used. This 

method, contrary to other microwave propagation methods, is not 

strictly limited to measuring electron densities up to that value 

which corresponds to the critical plasma frequency, provided that 

the electron density along the tube axis is uniform. Although this 

is not strictly the case in these experiments in view of the small 

height of the plasma involved in the flat waveguide (4 mm), this 

assumption appears to be approximately Justified. 

At this point, attention should be drawn to the following. The 

amplitude of the signal in the first waveguide without plasma,at the 

minimum of the standing wave, is 0.005 of the amplitude at the maximum 



of the standing wave. The existence of a detectable signal at the 

standing wave minimum is due to various losses in the microwave 

circuit. A large fraction of this loss is due to the energy leaking 

from the waveguide through the hole, accommodating the glass tube. 

In the presence of the plasma the microwave energy loss, which obviously 

includes the energy radiated through the hole, increases and is a 

function of the plasma parameters n and v. In view of the lack of 

precise knowledge of this enhanced radiated energy loss, which occurs 

for large values of the electron density, the method at the present 

time is restricted in its application to values of the electron density 

smaller than this value. This fact also limits the range in which the 

electron collision frequency can be determined. 

At one end of the waveguide circuit a cw, low power, X-band 

kylstron produces the microwaves at the desired frequency. This wave 

is reflected at the other end by a movable short and builds up as 

a standing wave as shown in Figure 5. The two microwave probe 

detectors are located on the waveguide, detector 1 on the klystron 

side, detector 2 on the short side of the tube. In the absence of 

plasma, detector 1 is at a minimum amplitude position , whereas 

detector 2 is in the vicinity of a maximum amplitude position. The 

equivalent circuit of the waveguide and plasma post, the standing 

wave pattern in the waveguide, and the respective positions of the 

probe detectors are shown in Figure 5. 

The position of the short is adjusted in the absence of plasma 

so as to have a maximum of the standing wave at the tube axis. If 

the tube material had no effect on the standing wave pattern, the 

distance between the tube axis and the movable short would be an 

odd multiple of a quarter wavelength. However, inserting the glass 

tube in the waveguide is equivalent to inserting a capacitor. In 

order to have a voltage maximum (infinite impedance) at the center 

of the tube, the short circuit must be adjusted to a position where 

it will produce at the tube an inductive reactance equal in magni¬ 

tude to the capacitive reactance due to the glass tube. 
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When Equation (4) is put into the formula for the plasma impedance, 

the real and imaginary parts of Z can be separated, and finally n 

and V are deduced, as 

n = 
x-B 

(5) 

V/U) - 
x-B 

or v/n = 
U)|* 

where 

A = 
2 \ ,0.50 + 2 

B = 
a * 

-XT— (S * °-25> ¿K o 
g 

The constants A and B depend on the diameter of the plasma post d, 

the waveguide width a, and the free space wavelength \ and waveguide 

wavelength \ . 
g 

When X is very large compared to B, 

n = v/w = r/x (S') 

Thus Equations (3) and (5) relate n and v to the observed h and h 
1 2 

In this method, Equation (5) does not imply the condition 

V« w. However, there are some restrictions in the plasma impedance 

formula. They are: 

is defined in Reference (11) 
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/¡ë|< 4 

dA ^ 0.15 (6) 

2 a } \ ^ 2/3 a 

The relation n versus h^, for X-bnnd frequency and the conditions of 

our equipment, is shown in Figure 7 for different parameters of v/n. 

Electron densities higher than the critical value can be measured, 

provided the electron distribution along the axis of the tube is 

uniform, because then the electric field is almost perpendicular to 

the gradient of the electron density and the AC space charge does 
2 

not have a disturbing effect on the probing microwave field. How¬ 

ever, the restriction on e, limits the maximum electron density to 

2 X 1013 cm'3. 
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FlRiirr 7. Electron density n versus normalÍ7cd microwave signal 

amplitude h of detector 1, for different values of the 
parameter v/n, where a = 33mm, d = 5mm are used 
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5. EX PER I KENTS ON A TYPICAL AFTERGLOW DISCHARGE 

In order to confirm the applicability and the validity of this 

impedance measurement it was applied to a typical recurrent decaying 

plasma. Since the two detector signals are photographically recorded, 

the technique is especially adapted to plasmas produced by non-recur¬ 

rent discharges. 

The following procedure is used to find the correct position of 

the short. For some arbitrary position of the short in the absence of 

plasma, the probe of detector 1 is shifted a quarter wavelength from 

its minimum amplitude position to point 1 , a maximum. Now both 

probes 1 and 2 are at maximums. By adjusting the gain of the corres¬ 

ponding amplifiers the amplitudes of the probe signals on the oscillo¬ 

scope are made equal. Then a discharge is produced in the tube by a 

repeated DC pulse of short duration and the effect of the plasma decay 

on the standing-wave pattern is observed. 

It should be nobed that for the arbitrary time of observation 

during the plasma decay shown in Figure 5 the standing wave pattern 

at the right side of the tube is shifted and attenuated with respect 

to its shape without plasma, whereas the one at the left side of the 

tube only decreases in amplitude but suffers no shifting. Therefore, 

during the plasma decay the amplitude change h* of probe signal 2 is 
a 

always proportional to the amplitude change h^ on the tube axis. 

However, the amplitude change of probe signal 1 is equal to h only 
i» 

if the standing wave pattern at the right side of the tube has, with¬ 

out plasma, a maximum on the tube axis. This criteria is satisfied 

by a trial and error adjustment of the movable short, probe 1 being 

kept at a plasma-absent maximum, point 1 . The signals h and h 
(L 1 

will now coincide at all times after.the first few microseconds when 

the high density plasma is disturbing the electric field in the wave¬ 

guide. The accuracy of this method leads to a maximum mismatching in 

the probe position smaller than 5 mils or 1 electrical degree . 
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ARGON p=8.3mmHg 

Figure 9. Samo as in Figure 8, but smoothened 
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li 

50 100 150 ^200 ms 

Figure 10. Electron density versus time calculated from 
Figure 9 

* 
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Figure 11. Ratio of the electron-ion collision frequency to the 
electron density n, and electron temperature versus time, 
calculated from Figure 9. 

» 



! 
I 
I 
I 
! 

i 

Figure 12. Ratio of the electron-ion collision frequency to the 
electron density ve^n> an(^ ratio of the electron-atom 
collision frequency to the gas pressure v /p for Neon 
and Argoji, versus electron temperature T e?p in mmHg and 
n in cm ' are parameters) I 
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By means of a pulse divider the repetition frequency of these dis¬ 

charges is made half of that of the oscilloscope triggering. Therefore, 

four traces appear simultaneously. A typical oscilloscope trace is shown 

in Figure 8 where the upper traces (with positive downward deflection) 

represent the signal picked up by probe 1, now in its minimum position, 

and the lower traces (positive upward deflection) represent those of 

probe 2. The two horizontal traces correspond to probe signals 1 and 2 

in the absence of plasma. The maximum amplitude of the microwave cut¬ 

off pulse is indicated by h in trace of probe 2. If probe 1 were at 
m 

the maximum position (1 ) h would be visible in upper trace too. The 
m 

axis origin (t = 0) coincides in all the figures with the discharge 

triggering pulse 

Although the origins of the irregularities superimposed on the 

signals h^ and h^ in Figure 8 during the plasma decay are not clearly 

explained at the present time, these traces were replotted in Figure 9 

as smoothed curves, and the electron density and collision frequency are 

calculated from them with the help of Equations (3) and (5). Figures 

10 and 11 show respectively in function of time, the decay of the 

electron density n and the ratio of the collision frequency v to the 

electron density n, during the decay of the plasma 

In the range of pressure, density, and temperature of our experi- ’• 

ments, the electron-molecule collision frequency v can usually be 
em 

neglected with respect to the electron-ion collision frequency v . 

The relative importance of these parameters is checked in Figure 12 
13 14 

which plots the theoretical values of v Vn and v /p ' for Neon 
ei en 

and Argon against electron temperature T , where p is the pressure in 
® -3/2 

mmllg. Since v is proportional to n and T ' , it is expected that 
el e 

in the late period of the plasma decay as the electron temperature 

approaches 300 k, the ratio v V should reach a constant value. 
ei n 

Figure li shows that the experimental curve approaches the value r 
-2 3 

1#2 X 10 cm /sec, which is compared to the theoretical or experimental 

values of the ratio at room temperature derived by other authors and listed 

in Table I. 
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From the theoretical temperature dependence of the electron-ion collision 

frequency vei, the electron temperature in the decaying plasma is calculated 

from the measured vei/n and plotted in Figure 11. This curve shows; that thq 

electron temperature takes more than 100 fjisec to fall from 800°K to 300°K. This 

time is much longer than expected according to the general equation for the time 

rate of change of the electron temperature, as follows. 

e’ Ti an<* ^g are t*ie electron> i°n and gas temperatures, respectively, where T 

and Tei and Ten aFe characteristic times for equi-partition of the temperature 

between electrons and ions, and electrons and atoms, respectively. T is defined 
en 

as Ten = • M/2m, where M and m are the atom and electron mass respectively. 

Similarly, ^ may be defined as t _ i/v . M /2m, where M is the ion mass, 
ei ei ei i 7 i 

The theoretical values of T derived in different ways, are summarized by 
16 ^ 

Dougal and Goldstein . For Argon at room temperature and for the electron 
11 13 -3 

densities met in our experiments (10 - 10 cm ), t which is much shorter 
. ei’ 

than Ten, is of the order of a few (isec. One reason which can possibly explain 

the long electron temperature decay time measured would be the presence of 

metastable atoms which heat the electron gas by the intermediary of the ion gas. 

It was usually assumed that the maximum light intensity originating from the 

afterglow close to the beginning of a pulsed discharge corresponded to the time 

when the electron temperature reached 300°k. However, the photomultiplier data 

of our experiments, especially in Neon afterglow, contradict this assumption 

since the light intensity maximum appears in less than 20 psec, whereas the 

electron temperature does not reach 300°K until more than 100 psec have elapsed. 

In order to check the error in the measurement of n and v due to the 

microwave energy lost by radiation through the waveguide hole or along the plasma 

post, the plasma was replaced by a metal rod of the same diameter. In this case 

n approaches infinity and it follows from Equation(5,) that x = B and r = 0. 

Experimentally, r was found to be 0.1 which corresponds to v ^/n = 1.5 x lo'^cm^/sec 

Since the highest energy losses are expected at high electron densities, this 

corresponding value of vel/n is thought to be its maximum possible error. It is 

also probable that the plasma diameter is slightly smaller than the internal tube 
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diameter, owing to the thin ion sheet usually found close to the wall. This and 

the possible non-uniformity of the electron distribution due to the proximity 

of the metallic waveguide may contribute to the measurement error. If the 

equivalent plasma diameter were known to be smaller, then the constant A in 

Equations ¢) and would increase, partially explaining the high values of 

vej/n found in these experiments. This correction, however, does not affect 

the calculated electron temperature T , since only the -3/2 power of the 

temperature ratio * /n - (T /300)-3^ is used. 
Cl © 
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6. COMPRESSING AND HEATING PROCESSES BY SHOCK WAVES 

The ratio of the pressure p and gas density P behind the shock front 
* 2 O 

to p and P in the undisturbed region in front of the shock front are 
11 9 

known from thermodynamic theory f 

P2/Pl S 

ErM2 -(r- (r-1) 
r+1 

P2/P 1 
M2(r -t- 1) 
2 

M (r+1) + 2 

(8) 

where M is the Mach number or the ratio of the propagation velocity of the 

shock wave to the sound velocity in the undisturbed medium and \ is the ratio 

of the specific heats. From the relation between gas temperature, pressure, 

and density, T^s/p/p, the ratio of the gas temperature behind and before 

the shock wave is written as 

The undisturbed region referred to above in this experiment is the decaying 

gaseous plasma. In view of its low degree of ionization and low ion temperature 

the medium is unaltered for sound wave propagation. Hence the above relations 

apply. When the medium which is a mixture of three gases, the electron, ion, 

and neutral gases, is compressed by a propagating, weak, and non-ionizing shock 

discontinuity, it may be assumed that any constituents of this mixture are 

compressed in the same ratio, that is n /n ~ P0/P., where n and n refer to the 

electron density in the undisturbed plasma and behind the shock front, respectively.* 

* Strictly speaking, the ion gas density is first increased by the propagating 
^hock in view of the large collision cross section for momentum transfer of the 
heavy particles involved. Then, as a consequence of the resulting space charge 
in the plasma, the increasing electron density follows in a time interval equal 
to a few plasma oscillations, which is short with respect to the shock-propaga¬ 
tion time scale. 
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This is so if, during the short time compression, the electron and ion losses 

sre negligible. The theoretical value of the rare gas density and temperature 

ratios n2/n1 and where y = 1.67, are plotted as functions of the Mach 

number M in Figures 18 and 20# 

It is well known that in electrical discharges in gases the electron 

temperature Te is generally higher than the ion temperature T which is nearly 

equal or somewhat higher than the gas temperature T^. However, in an already 

weakly ionized gas, the passage of a weak shock wave heats the neutral atoms and the 

ion gases more efficiently than the electrons. As a result, 

T < T or T 
e - g i (10) 

The time rate of change of the electron temperature increase in this case 

is described by the following equation 

dT 5T * — (T1 - V ♦ r- <V y * K V2 T (11) 
ei ei 8 e 

where K is a coefficient due to thermal conduction. Then Equation(ll) and the 

relation n^^ P2/f}l show that when the gas is heated by the shock wave, the 

electron density immediately follows the gas density increase, while the electron 

temperature reaches its maximum value with some delay. 

In Figure 13 the ionization degree is shown for different gases. (U = 5eV 

is the case for an Impurity). 

II 
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Figure 13. Ionization degree Q versus electron temperature T for 

different ionization potentials e 
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7. EXPERIMENTAL RESULTS 

At first the shock propagation velocity was measured by using the probes 

2 and 3. The lower trace in Figure 14 shows the signal from the first wave¬ 

guide. There are two noticeable discontinuities in each trace: the first one, 

denoted by (a), is due to the shock wave, the second, (b) is thought to 

correspond to the plasma expanding from the condenser discharge region. Without 

pre-ionization, (a) disappears because the relatively weak shock wave does not 

produce enough electrons to be detected by the microwave method described here. 

The discontinuity (b) appears clearly even without any pre-ionization but rapidly 

decreases in both magnitude and velocity as the distance from the origin is 

increased 

For the arrival times t and t of the peak (a) at the first and the second 
L ¿á 

waveguides and for distances d = 23.5 cm and d = 29,5 cm, a value of the 
X M 

exponent ß in Equation(l)was found to be 0.47 + 0.02 in Neon gas. The pressure 

and the condenser voltage ranged, respectively, from 4 to 13 mm Hg and 3 to 7 kv. 

The local shock velocity (Mach number) at the level of the waveguide then can 

be easily calculated from the measured mean velocity (d^/t^) and ß. 

The plasma background for weak shock wave propagation studies by microwaves 

is also useful in another way. Indeed, the decaying plasma gives rise to an 

afterglow which can be observed by means of a photomultiplier at any position 

along the tube and in the waveguide in particular. In the course of the shock 

propagation in the plasma, the afterglow must be altered. Hence, optical ob¬ 

servations on the afterglow, correlated with microwave measurements, provide an 

additional means of investigations in these studies, as illustrated in Figure 15. 

However, when the condenser discharge giving rise to the shock wave is produced 

between electrodes A and B in Figure 4, a small discharge current is also flowing 

simultaneously between electrodes A and C. This stray current enhances the pre- 

lonization and the associated afterglow is shown in Figure 15 trace (II). The 

light intensity and the microwave signal in another case are simultaneously 

displayed in Figure 16. For a very intense condenser discharge, the intensity 

of this visible, enhanced afterglow may be such that the discontinuity in this 

light intensity, produced by the propagating, weak shock wave illustrated by 

(a) in Figure 15 becomes difficult to observe. 



Figure 14. Microwave signal amplitudes and ho versus time
from the first and second waveguides 50 psec/division 
Ne, p = 5.8 mm Hg, 5 kv, 8 pF

Figure 15. Light signal versus time. (!)• with pre-lonlzation 
(11); condenser discharge and pre-ionization,
50 psec/dIvis ion, Ne, p = 4.5 mm Hg, 5 kv, 8 pse< 
(Light intensity in arbitrary units)
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The visible afterglow is generally attributed to recombination of electrons 

and positive ions or decaying plasmas. The discontinuity in the visible light 

of this afterglow at any one time and space position in the shock tube may 

probably be attributed to the alteration of the recombination procedure by the 

weak shock discontinuity. It is known that the light intensity of recombination, 

which is proportional to the number densities of the recombining charge and the 

recombination coefficient is dependent upon the relative velocities (temperatures) 

of these charges. Hence a sudden variation either in the densities of the 

recombining charges or in their temperature should bring about a change in the 

visible light intensity. However, the effect on the light intensity of an 

increase in densities is opposite to the effect due to an increase in temperatures, 

because the recombination coefficient decreases with increasing temperatures. 

As a result of these compensating effects, the discontinuity in the visible 

afterglow due to shock waves may be small. The enhanced visible intensity in 

the afterglow, indicated by (b) in Figures 15 and 16 is again thought to be 

related to the expanding plasma following the shock discontinuity. 

Next, the electron densities n and n across the shock front was calculated 
£ê X 

from the photographically recorded traces of the two microwave signals detected 

by the two probes 1 and 2. Figures 17(A) and (B) show examples of the signals 

hl and h2’ The ratio of the electron densities n^/n^ is calculated and plotted 

versus Mach number in Figure 18 (crosses). For comparison, the theoretically 

predicted ratio of gas densities Pg/Pj as a function of Mach number is also shown 

in the figure (solid line). It is apparent that the variation of the ratio of 

electron densities across the shock discontinuity as a function of shock velocity 

Is quite similar to the variation of the gas densities. Therefore, it appears 

reasonable to assume that the electron density increase, due to a weak shock 

wave propagating in such plasmas, is a consequence of the compression of the 

weakly ionized gas. The possible discrepancy in the range of small Mach number 

(1 to 2) is likely due to the duration of the compression, which is then 

comparable to or longer than the characteristic time for recombination and/or 

diffusion losses of electrons. In the plasma considered, since the electron-atom 

collision frequency ^ for momentum transfer is negligibly smaller than the 

electron-ion collision frequency in the temperature range involved, the 

electron temperature is obtained from the electron temperature dependence. 
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I

Ne, p = 7.6 mm Hr, 4.5 kv

FiKuri- 17. Mlcrow.ivf signals hj and h2 versus time In the shock wave 
experiments, 20 psec/divIs Ion, 8 pf.
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Figure 18. Comparison between the gas density ratio Pg/Pj» calculated 
from Mach no., and the measured electron density ratio, 
n2/n., Ne, p = 4-13mmHg 

9 

ë 
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From the recorded microwave probe signals illustrated in Figure 19(A), 

the variation of the electron density and the electron temperature of the 

plasma in the presence of a propagating shock wave is computed and plotted in 

Figure 19(B). Another example of such electron density and electron temperature 

variation due to weak shock waves propagated in plasmas under different conditions 

is seen in Figure 19(C). It is seen on these figures that the electron tempera¬ 

ture does not reach its maximum at the same time as the electron density. Since 

the energy from the propagating shock wave is transferred very efficiently only 

to the ions, the electron gas should be heated by the warm gas of the ions. This 

process proceeds with a rather long time constant t resulting in a delay in 
V X 

the temperature rise of the electron gas. This delay is obviously shorter for 

shocks of higher Mach number. These observations appear to Justify the assumption 

made in Equation(ll). Although no delay was expected in the electron density 

rise due to compression, some was observed. The observed rate of electron 

density increase may depend upon the shape of the shock discontinuity and the 

length of the shock tube within the waveguide, which in these experiments was 

4 mm Figure 20 compares the theoretical neutral gas temperature behind the 

shock front (upper line) calculated from the measured Mach number by Equation 9 

to the measured corresponding electron temperature, where both temperatures are 
o 

normalized to 300 K. 

The shock velocity (Mach number) increases with decreasing gas pressure and 

increasing condenser voltage. It is observed that in addition to an enhanced 

shock velocity, in particular at lower gas pressures, the time separation of the 

discontinuities (a) and (b) (Figure 19(A)) of the microwave signals is shortened. 

This indicates an Increase in the velocity of the expanding initially highly 

ionized gas which causes (b). 

% 

Ö 
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Figuro 19(B). Changes in the electron density and the electron 

temperature versus time, calculated from (A) 
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Figure 19(C). Same as Figure (B), but for p = 7.6mmHg, 4.5kv, 8(jlF 

9 

9 



Figure 20. Comparison of the neutral gas temperature calculated from 

the Mach no., to the electron temperature behind the shock, 

where both temperatures are normalized to 300°K 
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8. SUMMARY AND CONCLUSIONS 

The method described above, which is based on the known interaction of 

low-level microwaves with free electrons in weakly ionized low pressure gases 

at relatively low temperatures, has proved to be a convenient one for the 

study of non-ionizing shock waves. The main shock characteristics which are 

accessible to direct determination are the instantaneous and average velocities 

of shock discontinuities propagated in low pressure and low temperature 
o 

(Te ~ 300 K) weakly ionized gases. Associated with the change in shock propaga¬ 

tion velocities, the exchange between the propagating shock discontinuities 

and the ionized gaseous medium is studied in some detail through the intermediary 

of the electron gas. Indeed, as known from previous plasma studies the electron 

gas of the plasma interacts strongly with both the charged (and the neutral), 

heavy particles of the background plasma with which the propagating shock wave 

exchanges energy with great efficiency. 

In addition to the electro-magnetic behavior the optical properties of 

the background plasma also contributed to these studies. Since the light emitted 

by the plasma is dependent upon the energy state (or temperature) of the electron 

gas in the plasma, any change of the energy state of the electrons brought about, 

in particular, by the propagating shock wave provides us with an independent but 

complementary means of observation, which is directly correlated to the microwave 

measurements. 

While the microwave measurements described in this paper are only in the 

X-band (^OOOmc), the method is not limited to this frequency band. The best 

appropriate microwave frequencies for these studies being generally determined 

by geometrical considerations. Similarly, the pressure and degree of ionization 

of the background gases to be used for weak shock wave propagation studies are 

not limited to the cases reported here. 

» 
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PART II 

A PROPOSED MICROWAVE REFLECTION METHOD FOR THE STUDY OF HIGH 

ENERGY SHOCK WAVE PRODUCED HIGH DENSITY PUSMAS 

by 

S. Takeda 

. M. Roux 
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9. CALCULATION OF THE REFLECTION COEFFICIENT 

In the high Mach number region it is difficult to carry out shock-wave 

experiments by means of microwave techniques because such techniques are restriced 

when high electron densities are encountered. In this section we describe a 

new method for measuring high electron densities in plasmas. 

The well known method for measuring the electron density by means of an 

electromagnetic wave is based on the fact that the complex conductivity of the 

medium to be measured depends on the electrons density and the collision fre¬ 

quency. When the frequency of the electromagnetic wave is much lower than the 

plasma frequency, most of the energy of the incident wave cannot penetrate 

deeply into the plasma and is reflected at the "surface" of the plasma. However, 

the reflection at the surface of a high electron density plasma is a little 

different from that at a perfect conductor. 

In the complex reflection coefficient, given by |r| eJ0, a perfect conductor 

shows |r| = 1 and 6 = 180°. Therefore, in principle the measurement of the 

small deviations, 1 - |r| and 180 - 0 = 0 should enable one to determine the 

electron densities corresponding to frequencies much higher than the wave fre¬ 

quency, at least within the penetrated skin of the plasma. 

A plane electromagnetic wave, propagating through a plasma with a complex 

conductivity o, takes the form exp j(wt-kz), where k, the propagation constant 

in the medium, is given by the expression, 

(12) 

where ko is the phase constant in a vacuum; an approximate expression of the 

complex conductivity a of the plasma, as well-known, is 

m v + jw (13) 

From Equations 1 and 2 and making use of the relation ne2/ni(J2 = u 2/u one 
P 

obtains 



L 

« h 

8 =r 
1 - 

2. 2 

1 + (W 

+ (Vw) 

2. 2 

l+(Vu)2 

2 V 1/2 

(14b) 

The absolute value of the reflection coefficient R , and its phase angle 9 

are given by: 
• • 

k - k 
o 

k + k 
o 

/ «.„WA <koy} 
1/2 

(k + a)2 + ß2 
o 

(15a) 

2k B 

tan 0=- tan 0 = s 
.2 2 -2 
k -a -ß 
o 

(15b) 

if 

tan 4> = 

v/w = o 

2 iXp2/“2-1 

2/ 2 o ’ 
U /u -2 
P 

= 1 (15b') 

2 2 
When (<j /w) /1 + (‘'/(j) » 1, a and ß simplify to: 

. k 
2 o a 

n k 

8 

2/ 2 W /(J 
p 

1 + (Vu)2 

2/ 2 u /w 
p 

1 + (Vu) 
¡I 1/2 

/ 

-1 

1 + (Vu) 

Equations (15a) and (15b) can be rewritten as, 

1/2 
1 + (Vu)' + 1 

(14c) 

(14d) 



IrI I a-o2 * A" 
i + a + nc 

where 

(15c) 

Again, when (u /u)2/l + (v/u)2 
P 

» 1, (15c) and (15d) simplify to 

The values if tan <P, 0 and 1 - |r| versus (Jp2/u , using these formulas, are 

shown in Figure 21, 22 and 23 for different values of the parameter v/w. For 
2 2 

WP /u £ 2> the value of tan ^ for v/w < 1 does not differ too much from its 

value for v/u = 0. However, as shown in Figure 22, deviates markedly from the 
2 2 

case v/u = 0, when wp /w <2. Solving Equations (15e) and (15f) for 
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IÍ 
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u 2/u2 and (Vw)2, 
P 7 

52 

2. 2 
wp/w = 

(Vu)' 

tan2<#> - (1-|r|)2 

. / 1-lRl]2 

tan20 

-1 

(16a) 

(16b) 

and when v/u « 1 

1 - IrI = 0 

and 

u 
±_ 
2 

(J tan2 

(16c) 

(16d) 

It may be worthwhile to note that = 11° at u 2/<j2 = lO*4 for v/u = 0. This 
14 -3 ^ 

means that n = 10 cm will be very easily measured by using a wave at 

9000 me. 

The electromagnetic wave is very rapidly attenuated in plasmas in which 
2 2 19 

u /u is greater than one. The attenuation distance d is defined by 
P 

d = l/B (17) 

The ratio of the attenuation distance to the free space wave length d/^ 

is shown in Figure 24 for different v/u. From (14b) it is simplified for V/(J = 0, 

as 

(18) 

Except at the low values of u /u, this ratio is very small. A plasma which has 
P 

a thickness larger than this value is considered to be infinite. For a plasma 

in a glass tube, the electron density in the near vicinity of the glass wall may 

not be uniform, but may change rapidly within a distance which is in order of the 

* 



F
i
g
u
r
e
 
2
4
.
 

R
e
l
a
t
i
o
n
 
o
f
 
d
/
*
 
v
e
r
s
u
s
 
^
/
w
2
 
f
o
r
 
d
i
f
f
e
r
e
n
t
 
v
a
l
u
e
s
 
o
f
 
v
/
w
 



the Debye length. The latter, at high enough electron density, is much smaller 

than the attenuation distance. Therefore, this non-uniformity can be neglected. 

The next problem is the measurement of the small values of 1 - j R j and 

tan 0 The standing wave pattern due to the reflection at a plane plasma and 

at a perfect metal are shown, respectively, by solid and dotted lines in Figure 

25. The normalized signal amplitudes, hj and which are functions of the 

electric fields at these points, are related to |r| and 0 by means of the 

equations, 

hj - ¿ I 1 - |R| e^ I2 = \ £(1-IrI cos ^2+ |r|^ 

h2 = 4 I 1 + IrI I2 = ^ fa + IrI COS <fl2 + |r|2 sin2(f>J 

In deriving these it is assumed that the crystal is a square low detector. 

Figure 26 shows hj and h2 for different values of 0 and |r|. By solving 

Equations (19a) and (19b) 

(19) 

(20) 

IrI = h2 ■ N 

cos 2(h1 + h2) -1 

1/2 

y 

SI n 0 = < 1 <h2 - y 
2(h1 + h2) -1 

1/2 

(20a) 

(20b) 

The small changes A R and A 0 in IrI and 0 which cause the small deviations 
A h1 and A h2 in and h2 are, from (20a) and (20b), 

A h - A h A h + A h0 - |r| sin 0 A 0 
A R = — f-T-± = -i-2- 

IRI cos y 

Ah + A h„ - cos 0 A R 
A 0 = -i-2 _ 

R sin 0 

(21a) 

(21b) 

If the gas is fully ionized, or nearly so, v is a function of the electron 

temperature Te and electron density n. 
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Figure 25. StandinR wave patterns due to a high density plasma 
and a perfect conductor. (Solid line: for plasma, 
dashed line: for perfect conductor) 
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-3/2 
V = 3.60 n T log 1.25 X 10 

T 4 e 
3/2 

.1/2 
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(22) 

This equation can be obtained from the collision characteristic time 

between ions and electrons. In Figures21 and 23 the dotted lines 

correspond to constant electron temperature for 9300 me. 

Thus, the electron density can be found from 1 - IrI or tan $ if the 
2 2 

electron temperature is known. When /u » 1, the electron density, 

the collision frequency, and the electron temperature can be calculated 

from Equations (16a), (16b) and (22). 

When the wave propagates in a waveguide, (14a) and (14b) should be 

modified as 

2 
a = (1 - 

+ (v/u) 

n k 

8 

'\ ' 2 

X~ 
oj 

+ (Vu) 

where ^ is the cut-off wavelength of the waveguide. The reflection 
o 

coefficient is also somewhat modified. 

When a microwave propagates in a waveguide and passes through a glass 

wall before being reflected at the plasma surface, as shown in Figure 27, 

corrections are necessary. 

Assuming that the dielectric constant and the thickness of the glass 

wall are t and *, respectively, then the total complex reflection coefficient 

ft 
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Figure 27. Schematic for the theoretical calculation of 
the complex reflection coefficient 



is solved from four boundary conditions at two discontinuous surfaces. 

According to the arrangement shown in Figure 27; 

IrI 
1 - k3/ki - jyy yy t,n k2 ‘ 
1 + k3/k1 + Jikg/k^ Rg/kg) tan k2 ^ 

(23) 

where k , k and k are the propagation constants in free space, glass, and 
1. 2 3 

plasma, respectively, and * is the thickness of the glass wall. Since k /k 

n/7”. Vk2 ' Vki ^ 11 can be rewritten as, 

40 ki(1 " tan k9 l) _ K (1"J Vv^tan ko ^ 
|R| eJö _ _i_!_s---—-— 

+ j tan k2 + - J 1//^_tan k2 

k,(x - JY) - ( 0 - jß) 1 - j tan k0^ 
_ -1_ •-— (24) 
k^x + JY) + (a-jß) 1 + j V^-tan k2 i 

where 

1 + tan k2 ^ ^ + k2 ^ - tan ^ /fé 

1 ^ J/^TUn k2 1 1 + 1/€ tan2 k2 1 1 + V € tan2 k2 ^ 

= X + j Y 

k3 = a - Jß 

The ratio of the imaginary to the real parts of the first term in 

Equation (24) is the phase angle tan 0 of the reflection coefficient 

-2k1 X (B - k Y) 
tan $ = - tan 0 = -=—=-r-r- 

k^X -Y ) - a - ß + 2k: ß Y 

which, for high electron density, can be expanded and is seen to be 

proportional to 



The second and third terms of this expression are the correction factors 

brought about by the glass boundaries. Similarly, the constant phase 

shift 0 due to the presence of the glass can be obtained from the second 
o 

term of Equation (24) 

2VT tan k„ I 
2 tan 0=- tan 9 = , 

° 0 i * 2 , * 
1 + /g tan k * 

(25) 

The total phase shift 0 is the sum of 0 and 0 . Therefore, the 
o 7 

constant value of 0q should be substracted from the measured 0. When ^ 

is the propagation constant in the waveguide, it should be replaced by 

kQ yl - (VM2 » where kQ is the free space propagation constant. 

Finally, 

2 B k 

tan 0 = ° 
2 „2 

o + B 

i - (V* )' 
o 

1/2 f 1 + tan k^ ^ 

o 
1 + l/C tan k^ 

2kj BY 

2 .2 
a B 

1 - 
V 

(26) 

The two last parentheses in Equation (26) can be neglected only for large 

B or for high electron density. On the other hand, when * is a multiple 

of a half wavelength or very small, all the correction terms due to the 

presence of the glass wall disappear. 



10. EXPERIMENTAL PROCEDURES AND RESULTS 

The discharge tube shown in Figure 28 is 30 mm in outside diameter, 1.3 mm 

in glass thickness, and about 25 cm in length. The two electrodes are connected 

at its extremities. A 2.5 HF, 7.5 kv condenser discharge is ignited between these 

two electrodes by firing a thyratron. Measurements are carried on with a flat 

waveguide (4 mm height and 33 mm width), connected to the standard waveguide 

system through a tapered section. The discharge tube passes through the waveguide 

so that the electric field is perpendicular to the tube axis. 

The movable probe detectors are adjusted so that one is at the minimum and 

the other at the maximum amplitude of a perfect standing-wave pattern caused by a 

short at the end of the flat waveguide. This short acts as a reference in the 

measurements of the reflection coefficient. The maximum amplitude h of the 
m 

detector signal, which is necessary to normalize the probe signal amplitudes h^ 

and h_, can be found from the magnitude of the cut-off pulse of the h trace. 

Figure 29 shows typical simultaneous oscilloscope traces of h and h after the 
X ¿ 

tube was ignited by a condenser discharge. The traces in (a) are expanded four 

times over that in (b) to show the small changes of h and h more accurately. 
X ¿ 

Even at the beginning of the afterglow (t =* 0) where extremely high electron 

density may be assumed, h^ is not zero and the high density plasma, which appears 

behind the glass wall, apparently does not make a perfect short circuit. The glass 

wall effect, as calculated previously, maintains a constant phase shift y . Moreover, 

the value of |l^| is less than unity since a fraction of the incident wave energy 

is lost by scattering along the glass. The two parameters, and ÍR I , can be 

calculated from Equations (20a) and (20b) for the values of h and h , measured at 
X m 

t = 0. Then the electron density n can be deduced from the time varying A h^ and 

A h , by means of Equations (21a) and (21b), assuming small values of v/u. The 

electron density of 50 Usee and 75 Msec was calculated by this method. After t = 100 

Msec, n was calculated again by Equations (20a) and (20b), where now the constant <p 
o 

was subtracted from the measured <p 

As is seen in Figure 25, better sensitivity in h and h with respect to small 
X ¿ 

changes of <P is expected at some fixed position ' of the probes other than 
o 

y ' = 0 or y ' = 180 . Therefore, if a thin mica window is used instead of the 
o o 

& 
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glass wall in order to eliminate the correction described in section 9, the probe 

detectors should be shifted out of their initial minimum or maximum amplitude 

positions to new positions having larger slopes A h/A For instance, a normalized 

amplitude change A hj = 0.01 (1 mm for hm = 100 mm) yields a 1° change in the 

electrical phase angle for »/> ' = 90°, if A R is neglected. This phase angle 
16 -3° 

corresponds to n = 10 cm at a frequency of 9000 me. 

Figure 30 shows the electron density decay curve, calculated from the 

recorded traces in Figure 29, where the gas is initially assumed to be perfectly 

ionized. Since in this calculation the apparent value of |r| is not simply known, 

the effect of v was neglected. The effects of the first two correction terms in 

Figure 26 are less than the experimental errors and are disregarded. The value of 

*0 in Equation (25) is = 29°, which is close to the value of 30° measured at t = 0. 
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