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ABSTRACT

This report summarizes the progress made on -rogram to study

the thermal plasmas associated with hypersonic re-entry,1 One of the

major contributors to the ionization level in the gas sheath of re-entry

vehicles is the nitric oxide ion. The primary reaction for this ion is the

dissociative recombination reaction1 N --- N . This reaction

rate was measured in the CAL six-foot low-density shock tunnel by mon-

itoring the electron density with X- and S-band microwave interferometers.

A recombination rate was then fitted to the data by using the nonequilibrium

nozzle flow computational program developed at CAL. The tentative results

indicate that t~e dissociative recombination reaction rate for NO'is

3 x 10 cc/mole-sec with an uncertainty factor of two. The meas-

ured electron collision frequencies were higher than those predicted. There-

fore, additional shock tube experiments are in progress to measure the

collision cross-section of air species to thermal electrons by using X-band

microwave diagnostics in an equilibrium plasma.
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INTRODUCTION

The purpose of this research program is to study the thermal

plasmas associated with hy.ersonic re-entry conditions. This Semi-

Annual Report presents the progress under the present contract for

the period of October 1962 through March 1963, which constitutes the

first half year of this effort. The investigation can conveniently be

divided into two areas. One deals with the determination of the elec-

trical properties of the non-equilibrium plasma sheath. The other

phase deals with the interaction of these plasmas with radio-frequency

electromagnetic signals.

Section I of this report deals with deionization rate constant

measurements in air. The determination of these rates will then allow

more accurate calculation of the electron density in the flow field of

re-entry bodies. The reduction and interpretation of the data obtained

so far have been completed. However, the conclusions are still ten-

tative because of the disagreement between npasi'.:e.. nc. pLc edi•c'tec!,

electron collision fequencies.

Sections II and III deal with the interaction of microwaves with a

thermal plasma. The experiment in progress is described in Section

II. Its objective is to perfect the microwave transmission measure-

ments as a diagnostic tool for studying the perturbation of a plasma by

strong radio-frequency interactions. To verify this diagnostic method,

measurements will be made in this coming half year of the collision cross-

sections of 02) N 2 , 0 and possibly N and NO to thermal electrons. These

results will be useful for interpreting the collision frequency data in
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Section I and for predicting the effect of re-entry plasma sheaths on com-

munications.

In Section III a short description is given of the present plans for

studying the interaction of strong signals with a thermal plasma,
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I. NO+ DISSOCIATIVE RECOMBINATION REACTION-RATE MEASUREMENTS

For vehicle re-entry at sub-orbital velocities ( 4 23, 000 fps) the

ionization levels in the plasma sheath can be adequately calculated by con-

I +sidering only one charged species, NO . The most important reaction

path for this species is the dissociative recombination

NO+ +e -- >N +0

It is therefore important that this reaction rate constant be accurately known.
2

This rate has been determined for the reverse direction by Lin, who meas-

ured the electron density behind normal shock waves.

Exact numerical solutions for the expansion of non-equilibrium nozzle

flows have been obtained from a program deveioped at the Cornell Aero-

nautical Laboratory. These solutions indicate that over a wide range of

reservoir conditions the only important electron recombination mechanism

+1Iwithin the nozzle is the "dissociative recombination reaction with NO

Consequently, by measuring the electron density in the nozzle of a hyper-

sonic shock tunnel the reaction rate constant can be determined by fitting

the numerical' solution to the measurements.

The local temperature of the expanding air is determined by the

kinetics of recombination of the neutral species. This is seen in Table I

where the fraction of the total enthalpy of equilibrium air stored in dis-

sociation is tabulated. The reaction rates for the neutral species have

been extensively studied and Table II (taken from Reference 1) lists the

values used in the present study.

The amount of energy stored in vibrational modes is less than 10%,

of the total enthalpy. However, the electronic temperature is coupled

3
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to this vibrational temperature as, indicated by.chrorni.um. line

reversal studies in hypersonic nozzle flows. The temperature of the

free electrons will be determined by the electronic temperature since

these collisions are most favorable for energy exchange to the free

electrons.3 Thus if the vibrational temperature froze in the nozzle, it

may have an influence on the electron temperature. The electron recom-

bination rate has an explicit dependency on the electron temperature and

therefore the interpretation of measured electron densities as recom-

bination rate constants is sensitive to the temperature history of the

electrons.

The vibrational temperature in the nozzle was calculated by con-

sidering the vibrational relaxation of nitrogen. This species has the longest

vibrational relaxation time of the air components and also contains most

of the vibrational energy. The details of the calculation are given in Appendix

A. The reservoir conditions considered varied from 5000 to 8000°K and 75

to 850 atm pressure. There was no appreciable vibrational nonequilibrium

in the primary nozzle for pressures greater than 300 atm. For all res-

ervoir conditions considered, the vibrational temperature froze as the flow

passed through the expansion fan on the 10° deflection plate located between

the primary nozzle exit and the conical nozzle entrance of the shock tunnel

used for these studies. Since vibrational nonequilibrium is small over the

range in which data were obtained, it will be assumed that all temperatures

are in equilibrium with the local translational temperature of the gas.

A. Experimental Technique

The six-foot shock tunnel in which the ionization rates were meas-

ured is shown in Fig. 1. The driven tube, which is 28 feet in length and
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3. 00-inch inside diameter, is connected to a multi-stage nozzle system.

Figure 2 shows a detailed view of the nozzle system in partial section.

The two-dimensional expansion contour of the primary nozzle is designed

for wave cancellation for equilibrium airflow. A 100 flow-turning section

prevents solid particles from entering the second stage nozzle. The final

stage is a conical nozzle (10°-half angle) in which the flow expands to the

six-foot test section and receiver vessel shown in the foreground of Fig. I.

The conical portion of the nozzle between the one-foot diameter station and

the six-foot test section is made of bonded glass fiber.

The microwave interferometer was used to measure the phase shift

and attenuation of electromagnetic waves due to propagation through the

plasma, which acts as a lossy dielectric medium. This technique has

been widely applied in gaseous discharge research and has been described

fully in the literature relating to that field (e. g. Refs. 4 and 5). Micro-

wave diagnostic methods are analogous to optical probes in that the pro-

pagating signal is so weak that it leaves the test gas essentially unperturbed.

Figure 3 shows a schematic diagram of the bridge circuit for the

interferometer. Power is supplied by a klystron oscillator through an

isolator in order to prevent reflected power from entering the oscillator.

A 3db directional coupler is employed to divide the power between the test

arm and the reference arm. Cross-guide couplers with crystal detectors

are mounted on either side of the test region in order to measure reflected

and transmitted power. Horns are used to transmit the microwaves through

the plasma. The reference arm is equipped with a phase-shifter and an

attenuator which are used both to initially balance the bridge and measure

5



the imbalance produced by the plasma. A detector is used to monitor power

level in the reference arm. A magic-tee is used to mix the power from the

two arms. The mixed signal is fed to the final detector through an isolator.

Thus, the detected mixed signal is affected by attenuation and phase-shift in

the plasma.

Figures 4 and 5 show the physical arrangement and location of the X-

band microwave circuitry. The X-band transmitted signal is directed normal

to flow direction through windows made of bonded glass fiber. The thickness

of the windows was selected for optimal transmission of X-band (9397 Mc)

microwave radiation. The test signal passes through the plasma in a region

immediately downstream from the expansion fan which turns the flow through

100 and upstream from the entrance lips to the conical nozzle. The expansion

fan introduces a slight nonuniformity in plasma properties which is perpen-

dicular to both the flow and microwave beam. The magnitude of this gradient

shows no more than a 4% variation about the mean electron density. Measure-

ment of attenuation is more sensitive to this type of distortion than measurement

of phase shift because of the directionality of the horns. However, auxiliary

detectors situated at many locations failed to detect any refracted signal during

the runs. Therefore, the flow is sufficiently uniform with the exception of the

boundary layers on the windows. Boundary-layer growth in the primary nozzle

was computed (for the range of conditions used) by means of a semi-empirical

relationship given in Ref. 6. The calculated displacement thickness of the

boundary layer on the fiberglass windows was approximately 0. 1 of a free-

space wavelength at 340 atm reservoir pressure while the total path length

through the plasma is about four free-space wavelengths at X-band.
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The S-band interferometer was located 38 inches downstream of the

conical nozzle entrance lips, Fig. 4. The transmitted signal is perpendicular

to the tunnel axis and passes through the fiberglass conical nozzle. The

operating frequency (2890 Mc) was selected because it gave the minimum

VSWR (voltage standing wave ratio). The boundary layer thickness was com-

puted using the same empirical formula as was used for the primary nozzle,

The displacement thickness of the boundary layer at the S-band interferometer

location was 0.4 of a free-space wavelength at 340 atm reservoir pressure,

while the inside nozzle diameter is four free-space wavelengths.

With no plasma present the interferometer was tuned to match out

the standing wave caused by multiple reflections between the horns. It is

difficult to maintain this near-perfect tuning when a weak plasma is intro-

ducedbecause small alterations in the propagation path change the strength

of the horns standing wave, and this produces either a loss or even a gain in

the transmitted signal. Consequently, the measured attenuation is uncertain

to + 1 db. Before a test, the phase-amplitude bridge is nulled by adjusting

the reference phase shift and attenuation until no signal is detected by the

mixed signal detecting crystal. In order to test the tuning and the interaction

between the two arms, carefully fitted polymer foam blocks having known

dielectric and loss properties were placed between the windows in the nozzle.

Measured phase shifts agreed with predicted values to with 10%. The shock

tunnel, fitted with a closure plate which blanked-off the nozzle entrance, was

operated at conditions typical of those used for nozzle runs. Interferometric

data were then obtained to determine the disturbance levels of recoil motion

and of elastic wave propagation. It was found that these mechanical effects

7



could be ,safely neglected in the interpretation of the data.

Microwave records were obtained for reference-arm power, plasma-

reflected power, plasma-transmitted power, and mixed-signal power. The

"signal level through the reference arm remained constant during all runs

indicating no unwanted interaction of this signal with the plasma in the test

arm. The power reflection coefficient of the plasma was less than 0. 1% for

all experiments. The data were reduced to phase-shift readings by adjusting

the phase-shifter and attenuator in the reference arm to duplicate the com-

bination of transmitted power level and mixed signal level recorded at each

time during the experiment. Attenuation due to the plasma could be obtained

on the X-band interferometer because it was larger than the horn detuning

effect described above.

Each phase-shift and attenuation record obtained first exhibi-ted a

sharp rise signifying the arrival of the leading compression wave which

initiates the flow in the nozzle. The rise was followed by an irregular signal

resulting from the tunnel starting process which was followed by a plateau

having a comparatively low noise level. This plateau signified the useful,

quasi-steady test flow of air. After the first plateau the ionization dropped

to a second plateau at a level about one-half that of the first. Finally, the

level dropped back to zero. The end of the useful test flow is marked by

the first measurable effect of driver gas dilution of the air terminating the

I first plateau. It seems plausible th)at the second plateau arises from the

nonequilibrium ionization frozen in the quenched combustion zone originating

from an air-hydrogen diffusion flame sustained by interface mixing. A

typical X-band interferometer record is shown in Fig. 6.
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B. Data Analysis

The microscopic plasma properties, the electron plasma frequency

Ff. • and the electron collision frequency f , can be calculated from

the concentrations of the species that are present and the electron collision

cross-sections.

The plasma frequency, which depends on the number density of the

electrons, is given by

where 71 is the number density of electrons, e is the electronic charge,

and 7m is the mass of the electron. The electron collision frequency is

given by

2~ AL

where 7 is the average electron speed, 77 is the number density of
tht

the j species, and Q. is the electron collision cross section with the
.th

,J species.

These microscopic plasma parameters are related to the macroscopic

plasma parameters, dielectric constant 6 and conductivity 0" , through

the equation of motion of a single electron. The resulting equations are

j 2

where f is the microwave frequency.

For a uniform plasma the phase change and attenuation of a transmitted

signal are given by



2 A K 2 Dx2Dx 2 02 ,0e

Swhere is the change in transmitted phase when the plasma is intro-

duced, A is the attenuation of the transmitted signal in db's, and D is

the plasma thickness in units of the signal wavelength. The index of

refraction 71 and the extinction coefficient K are given by

271 -6 + + (

2K2 =-+ 1I+(z_/fei
The loss of transmitted signal caused by reflections from the plasma boun-

7
daries can be neglected for the weak plasmas of this experiment. To the

same approximation, 7 - and k are given by

K A a-I/f

The ratio of attenuation to phase shift then depends only on the electron col-

lision frequency and bridge constants, but does not depend on the electron

density or the path length in the plasma.

In the present experiment the operating X-band frequency was 9375 Mc

which corresponds to a path length in the plasma of four wavelengths. For

electron densities greater than 3 x 10 electrons/cc, the attenuation becomes

so great that the interferometer is saturated. Therefore no electron den-

sities greater than this could be measured.
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C. Impurity Ionization

A major difficulty with any ionization experiment is the possibility

of impurities with low ionization potentials contributing significantly to the

electron density. This problem is even more acute in shock tunnel exper-

iments because impurities ionized in the reservoir are probably monatomic

(eg. Na+) and therefore have only three-body recombination paths. At the

relatively low densities of these experiments, the impurities will immediately

freeze on expansion. Therefore the relative degree of impurity ionization

is magnified by the expansion process since the air will be recombining.

A common impurity in shock tube spectroscopic studies is sodium

which has a low ionization potential of only 5. 12 ev. The equilibrium degree

of ionization can be calculated from the Saha equation

7 10 -e) 1- 5040 V/T + 1.54,T + 15.38

where T = temperature in °K

= ionization potential in ev.

electron density in particles/cc

71 = atom density without ionization

The degree of ionization for sodium is shown in Fig. 7 for several initial

atom concentrations. As can be seen, there is some temperature at which

the sodium is completely ionized for each initial concentration. If it, can be

assumed that the impurity level is independent of the tunnel operating con-

dition, then measurements made at low temperatures can be used to determine

the impurity level for the higher temperature experiments.

To measure the impurity concentration, a series of runs were made with

high purity neon as the test gas. Neon has a high ionization potential, 21. 56 ev,
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and therefore has a lower degree of ionization than air for the same tem-

perature. Since neon is monatomic its chemical kinetics are quite simple.

Electrons produced in the reservoir can only recombine during the expan-

sion by three body processes. So the neon ions, like the impurity ions,

will undergo afrozen expansion. Therefore, the expected electron density

at the microwave interferometer locations can be calculated assuming no

recombination. The correction to the area ratio due to boundary layer

growth was obtained by assuming that the formula in Ref. 6 would still

be approximately correct. The Mach number after the expansion fan

becomes as high as 19.

The low reservoir temperature measurements in neon indicate an

electron density of 1.4 x 10 9 /cc, Fig. 8. The signal to noise ratio becomes

very poor for low density measurements and introduces an error estimated

at 1.5 x 109 electrons/cc. Consequently, the maximum impurity concen-

tration in the reservoir scaled from this value is estimated to be 1012

atoms/cc. If the impurity were sodium, it would be fully ionized for reser-

voir temperatures greater than 3800'K.

The transmission through the plasma varied between attenuation and

amplification for the low temperature runs. At the higher temperature of

7500°K the attenuation was 1. 6 db. However, using the cross-section of

neon, the attenuation should have been much less. This indicates that most

of this attenuation was caused by mismatch.

The electron density at the S-band interferometer location was consistent

with the X-band data when boundary layer corrections were included. The

attenuation of the S-band microwaves was 0. 6 db. This implies that the electrons

12



were hotter than they were in the reservoir, therefore detuning effects

accounted for most of the 0.6 db loss.

Runs identical to the neon runs were made in which argon was the

test gas. The data, also shown in Fig. 8, substantiate the conclusions

drawn from the neon data.

Assuming that the impurities have negligible effect on the ionization

kinetics, then the measured electron densities in air can be used to determine

the dissociative recombination rate constant of NO . Even if additional

impurity sources existed when air was used, the low temperature air data

indicates that at the higher temperatures the impurity contribution to the

electron density can be neglected because the impurities would be fully

ionized at 4000°K.

D. Error Estimates

The measured electron densities and collision frequencies are sub-

ject to a-large number of errors. The measurements of the dielectric

constant of foam blocks placed in the nozzle indicated a 10% error in phase

shift. The insertion-loss measurements indicated an error of + I db in

attenuation. For most of the air runs, the X-band attenuation was approx-

imately 10 db giving a 1076 error due to this detuning effect. The oscilloscope

records could be read to + 5%o. The calibration of these records in terms of

phase shift and attenuation introduced another 5%6 error. The gradient of

electron density in the boundary layers introduces an uncertainty in the

effective path length. This could contribute as much as a 30%6 decrease in

phase shift and 207o decrease in attenuation for the X-band interferometer.

For the S-band interferometer location the boundary layer is thicker,

13



introducing an estimated 60% error in phase shift. This conservatively

assumes that the electron boundary layer is the same order as the gas den-

sity displacement boundary layer. The total error is then 50% for phase

shift and 40% for attenuation for the X-band interferometer.

t The uncertainty in the electron density measured by the X-band

interferometer is then + 40%. The collision frequencies obtained are more

accurate since for a weakly reflecting, underdense plasma they are pro-

portional to the ratio of attenuation and phase shift and independent of path

length. Therefore the collision frequencies will not be as greatly affected

by the electron density gradients. Consequently the electron collision fre-

quencies as measured by the X-band interferometer are accurate to + 25%.

For the S-band interferometer the attenuation (<. Zdb ) was the

same order as the losses due to detuning effects. Therefore no reliable

values for the collision frequencies could be obtained. Fortunately the

electron density for a low loss plasma is determined primarily by the phase

shift and is not sensitive to attenuation. The uncertainty in the electron

density is therefore + 80%.

E. Deionization Rate Constant

The electron density at a given area ratio in nonequilibrium expanding

airflows is relatively insensitive to reservoir pressure, but is almost inver-

10
sely proportional to the rate constant, (Fig. 9). Estimates of the electron

density were obtained from numerical solutions of nonequilibrium nozzle

flows for reservoir temperatures from 5000°K to 8000°K at a few typical

reservoir pressures. The calculations were performed using the computer

program described in Ref. 11 and the neutral particle kinetic data shown in

14



Table II. Reaction 10 was the only ionization reaction considered for the

reasons given previously. A polynomial curve-fit of the geometric area

function of the primary nozzle contour was employed. Boundary-layer

corrections based on the methods of Ref. 6 were applied to obtain the gas-

dynamic conditions at the exit of the nozzle; this correction never exceeded

3%. The electron mass concentration at the geometric exit area was used.

This is a better approximation than the effective area because the slope of

the area function is small near the exit. Hence, the integrated residence

time would be more nearly described by choosing the nonequilibrium ion-

ization level based on actual axial distance rather than the axial distance

corresponding to effective area ratio.

Since the concentration of the neutral particles was essentially frozen

at the conditions of the experiment, ideal gas calculations were employed for

obtaining conditions after the expansion fan which turns the flow through 10°.

Frozen vibration was also assumed to obtain the effective specific heat ratio.

Ionization relaxation was calculated for the inner and outer streamlines

bounding the microwave beam. The outer streamline was approximated by

line segments with an average density for the expansion fan.. Computation

of ionization relaxation for the inner streamline was straightforward since

the residence time in the expansion fan is approaching zero. Over-all

reductions in electron mass concentrations between primary nozzle exit

and X-band microwave beam were approximately 301o for all cases. More

recombination along the outer streamline than the inner streamline resulted

in a plasma gradient which was mutually perpendicular to the flow velocity

and the microwave propagation direction. As mentioned previously, this
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variation never resulted in nonuniformity exceeding 4% about the mean

value. The extent of recombination in the expansion fan was rather

insensitive to the computational model; therefore, no higher approx-

imations for the outer streamline were sought.

For the flow in a conical nozzle when the neutral species con-

centrations have frozen, the electron mass concentration can be given

analytically by1 2

4 = c~onst nII-

where = electron density in moles/gm
mixture

T = axial distance from cone apex

77 = temperature exponent of recom-
bination rate constant

17 frozen specific heat ratio

The electron densities measured by the interferometers are shown

in Figs. 10 and 11. The maximum electron density determined from the

11X-band interferometer is 3 x 10 . At reservoir temperatures above

6000°K many runs indicated a greater electron density, these could not

be quantitatively measured because the attenuation exceeded 14 db which

saturated the interferometer.

Additional data points were obtained which are not shown. These

data point fell below those shown and were rejected for three reasons.

First, if they were correct then the temperature dependency of the recom-

bination rate would be -3. 0, this is double the theoretical limit established

by Bates. 13 Secondly, the measurements made in neon and argon flows

16
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indicated that there was no high density source of impurity ionization which

could cause the higher recorded level. Third, for the run records which

indicated the higher electron densities the second plateau level corresponded

to the lower level of ionization. This would indicate that for those runs which

only showed the lower ionization level, there was not a finite testing time in

air uncontaminated with driver gas. The loss in testing time for high enthalpy

shock tunnels can also be seen from the aerodynamic data.

For a reservoir temperature of 6000°K and a reservoir pressure of

340 atm, the electron density at the conical nozzle inlet (X-band interferometer

location) varies from I to 3 times 1011 the average value being 1. 75 x 1l

electrons/ cc. At the S-band interferometer location the average value is

4. 5 x 10 9 electrons/cc. The boundary layer correction to the density ratio

between these two locations depends on the reservoir pressure. For a 340

atm reservoir pressure the ratio i~s 23. Therefore the ratio of electron mass

concentrations is

(t )S /--' 71 07 0, 59
The effective specific heat ratio is 1. 41. The location of the X-band inter-

ferometer is % = 18. 9 cm and for the S-band /A = 115.9 cm. Therefore

the temperature exponent is -1. 60. This is very close to the value usually

assumed of -1. 5. Because of the data spread the value of -1. 5 will be used.

The complete rate constant determined from Fig. 9 is then 3 x 1020T"1. 5

cc/mole sec. This value is lower by a factor of 6 then that determined by

.2, 14
Lin from measurement behind normal shock waves in air. This dif-

ference is remarkably small because Lin measured this rate in the direction

of electron production whereas we have measured it in the direction of

17



electron removal. These rates are related by the law of mass action when

local equilibrium is assumed. Refinements in the theoretical interpretation

of both sets of experimental data which include the possible existence of

intermediate species (eg. NO"') and correct electron energy distribution

functions may bring both rate constants into complete theoretical agreement.

F. Electron Collision Frequency

The electron collision frequencies were obtained from the X-band

interferometer records. The large uncertainty in the S-band attenuation

precluded any collision frequency determination. The predicted collision

frequencies are shown in Fig. 12 for the electron temperature equal to the

local gas translational temperature. The atom and molecule cross-sections

used for predicting the electron collision frequencies in Fig. 12 are shown

15in Fig. 13. The species concentrations were taken from the nonequilibrium

nozzle flow solutions with appropriate boundary layer corrections.

The insensitivity of the predicted collision frequencies to reservoir

pressure and temperature occurs because the nitrogen molecule concentration

is approximately constant at 2. 6 x 10-2 moles/gmn of mix (five times that of

any other species) over the entire range of conditions considered.

The measured collision frequencies are higher by a factor of six than

the predicted collision frequencies. The collision frequencies varied from

2 x 109 to 2 x1010 cps, i.e. from f2 >> ;c_ to -F, > ; . This

difference can not be accounted for by corrections to the collision frequency

which include electron-ion collisions, 2 x 107 cps, electron-sodium atom

collisions, 10 cps (assuming 1013 atoms/cc in the reservoir), and electron-

copper atom collisions, 107 cps (assuming 0. 1 cc of nozzle throat is vaporized,

18



an extreme upper limit). For those runs which only showed the lower

ionization level, the corresponding collision frequency was nearly the

same as those shown in Fig. 12. Addition experiments are in progress

which will measure the cross-section of N. Z

19



II. COLLISION CROSS-SECTION MEASUREMENTS

The electron collision frequency in a plasma is determined by the

energy distribution of the electrons and by the collision cross-sections

of the other plasma species. Measurements of the collision cross-sections

of 0 and N are summarized in Ref. 15. The cross sections of 0 and
2 N2

N have not been directly measured, however, the theoretical values have
16

been given by Klein and Brueckner which agree with photodetachment

cross-sections.

A few of the experimental measurements have employed microwave

diagnostic techniques. The high electron temperatures were obtained by

some form of RF heating. Consequently the neutral species were at room

temperature while the electrons had some assumed velocity distribution

function. The experimental results, presented in Section I of this report,

indicate that the collision frequency in a plasma whose neutral species are

at a high temperature is greater than would be expected on the basis of the

previously measured cross-sections. This experiment cannot be regarded

as conclusive because of questions concerning the relaxation of' internal

energy modes, which at present are not fully understood.

The determination of the correct collision cross-sections to electrons

in a hot thermal plasma can best be done by measuring the collision fre-

quency in a well-defined equilibrium plasma so that questions concerning

the energy distribution do not arise. Consequently the technique which is

being employed is to perform microwave diagnostic measurements in the

equilibrium plasma produced behind normal shock waves in a shock tube.
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ii

A. Instrumentation

The microwaves are propagated axially up the shock tube where they

interact with the advancing plasma behind the shock wave. The microwave

parameters which are measured are the reflected power, the transmitted

power, and the transmitted phase change. The arrangement of the micro-

wave equipment is schematically the same as in the interferometer used

on the shock tunnel (Fig. 3). The only differences are that the transmitting

horn is replaced by a waveguide taper to change the waveguide dimensions

from the standard size to the 1-1/2 x 2-1/2 inch shock tube dimensions and

the receiving horn is replaced by a specially designed coupler in the broad

wall of the shock tube.

The end wall of the shock tube is a quartz block 1-1/2 x 2-1/2 x 1. 308

inches cemented to the shock tube side walls. The VSWR of this block has

two minimums in the X-band frequencies. The one occurs at a frequency

of 11590 Mc with a VSWR value of 1. 09 and the other at 9320 Mc with a

VSWR of 1. 07. The function of the quartz block is to permit the trans-

mission of the microwaves into the shock tube but to prevent the shock wave

from entering the microwave circuitry.

An experimental study of the reflection of microwaves from an over-

7
dense plasma in this shock tube has already been reported. The operating

X-band frequency for that study was 9375 Mc. Although higher order modes

were present, they contained less than 1% of the power. In the present

experimental program the interferometer has been operated at 11590 Mc.

At this higher frequency additional modes can propagate in the shock tube.

The results to date indicate than an appreciable percentage of the power may
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be in the higher modes. However, tuner and isolators in the external

circuitry have greatly reduced the erratic ripple in the recorded data.

The optimum design has not yet been found.

It may be necessary to make the collision frequency measurements

at the frequency of 9320 Mc to avoid the higher mode problem. This has

I: not been done to date because the high power X-band klystron (see Section

III) operates only at this frequency. For the high-power interaction exper-

iment it is desirable to have simultaneous diagnostic measurements so the

interferometer needs to be used at 11590 Mc.

B. Data Interpretation

There are three advantages to using axial microwave propagation

as opposed to cross-channel measurements. The first is that within the

waveguide the fundamental mode is strictly a plane wave incident on the

plasma at an angle determined only by the operating frequency and the

shock tube dimensions. Therefore, plane wave theory (given for example

in Stratton 17) can be used for data reduction. The second advantage is

that the thickness and location of the plasma are continually changing in

a known and predictable way. Therefore, the effects of mismatching and

higher modes can be separated from the time variation of the recorded

data. The third advantage is that the length of the uniform, equilibrium

plasma must only be large enough to produce measureable effects. There

is no requirement that it be large compared with, for example, the trans-

mitting and receiving cross-channel horns. This allows the shock tube to

be operated at low pressures (low collision frequencies) with no restrictions

imposed by the testing time loss which occurs as the pressure level is
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decreased.18 19

The range of plasma conditions over which the interferometer can be

operated is determined on the high temperature side by the requirement

that the plasma be underdense so that transmission measurements can be

made. The lower limit will be imposed by the noise level of the inter-

ferometer. For an operating frequency of 11590 Mc, the critical electron

12density is 1. 68 x 10 electrons/cc. Figure 14 shows the equilibrium

electron density in pure oxygen and nitrogen plasmas. The relative atom

to molecule concentration is shown in Fig. 15. At low densities oxygen

becomes almost completely dissociated. Therefore, measurements of

the collision frequency can be used to determine the oxygen atom cross-

section. For nitrogen the situation is notas favorable because of the

higher dissociation energy. It does not seem that the cross sections for

atomic nitrogen can be determined unless diagnostic measurements are

made at a frequency of at least 70 kMc or the cross section of atomic

nitrogen is very large.
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III. HIGH-POWER INTERACTION

When high-power microwaves interact with a thermal plasma they

cause a modification of the plasma. First, the energy distribution function

of the electrons is changed. This can cause the collision frequency of

electrons to increase, thereby decreasing the attenuation of signals through

an overdense plasma. Second, the electron density can increase and may

cause breakdown of an underdense plasma. Third, the distribution of the

neutral species in their various energy states can be altered, This will

modify the optical signature of re-entry vehicles.

A. Instrumentation

A high-power X-band transmitter (the property of Contract

AF-30(602)-2267) may be available for the interaction studies. This trans-

mitter can deliver a continuous 4 kw signal at 9350 Mc to the shock tube.

This signal will enter the shock tube in the axial direction simultaneous with

the low power probing signal at 11590 Mc. Separation of the signals in the

external microwave circuitry is achieved by narrow band pass filters (di-

plexer). By using the probing signal the changes produced in the electron

collision frequency and in the electron particle density can be determined

from either transmission or reflection measurements. The examination

of the changes in population distribution of the neutral species will be made

with spectroscopic techniques.

B. Spectroscopic Observations

Oxygen and nitrogen molecules are both homonuclear, therefore

vibrational and rotational transitions in a given electronic state are strictly

forbidden. For nitrogen, transitions to the ground state from any other
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electronic state are also forbidden. In oxygen, transitions to the ground3 -

state from the state are allowed (Schumann-Runge bands).

However the overlap integrals (Frank-Condon factors) are small below

4" = 1Z. None of these difficulties exist with the nitric oxide gamma

bands, however these bands are spectrally overlapped by the oxygen

Schumann-Runge bands. At the temperatures necessary to produce

ionization some of the nitric oxide will have decomposed into oxygen.

If theoretical considerations should indicate that observation of

the ground state vibrational levels must be made to understand the electron-

neutral particle energy exchange mechanism, then these levels could be

monitored from Rarnan spectra. A long duration laser beam could be

used as the source of incident radiation. It may, however, be sufficient

to monitor only those bands which have already been successfully studied

in the shock tube 0-23 with the instruments available in this laboratory.
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IV. CONCLUSIONS

The deionization rate in air has been measured in the CAL six-

foot shock turnel. This tunnel can produce reservoir temperatures of

over 7000'K, however, above 5000'K the testing time varies drastically

from run to run. This shock tunnel is presently going to be modified to

increase the testing time and thus allow operation at higher enthalpy levels.

The modified tunnel can then be used to verify the present results and to

extend them to higher enthalpies where several more reactions began to

become important.

The electron density at two different nozzle stations has been

measured. From these data the reaction rate for dissociative recombination

reaction of NO+ has been determined. The temperature dependence of the

reaction rate was found to be -1. 60 or 7% greater than the usually assumed

value of -i1. 5. This difference is not significant because of spread in the
i20

data. The pretemperature factor was found to be 3 x 10 with an uncer-

tainty of a factor of two. The measured rate constant for NO + + e ---

20. -1. 5
N + 0 is then taken to be 3 x 10 T cc/mole-sec. This rate is lower

than the value obtained from shock tube measurements; however, within

the quoted accuracies they do agree. The difference in the rate constants

may be real because of different electron energy distributions or the for-

mation of intermediate compounds.

The electron collision frequency was also determined. The measured

values were substantially higher than the predicted values. The difference

could not be attributed to errors in boundary layer growth or impurities.

However, shock tube experiments are in progress to resolve this anomaly.
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APPENDIX A

ELECTRON TEMPERATURE IN THE SIX-FOOT SHOCK TUNNEL

The determination of the electron recombination rate from electron

density measurements in a hypersonic nozzle requires that the electron tem-

perature in the nozzle be known. In the reservoir the electrons are assumed

to have a Maxwellian velocity distribution at the gas temperature.

The gas translational temperature in the nozzle can be determined from

the nonequilibrium expansion computer program. The electron temperature

is then found from

dEe

whe re

Ee = electron energy = 3/2 ATe

E£[ = energy of ith species

= inelastic fractional energy loss

21, = collision frequency

In terms of the fluid velocity UA , the equation becomes approximately

&Te 7- V 7 Te

where LL and 3.

For the condition of the present experiment the electron temperature

will always equal the local gas temperature.

Computations were performed for nitrogen vibrational relaxation to

determine if the vibrational temperature stayed in equilibrium Wvith the trans-

lational temperature. This was done because the electron temperature may

be more strongly coupled through electronic excitation to vibrational temperature
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than to translational temperature.

For an harmonic oscillator the vibrational energy is given by

where v= 3353°K for nitrogen. The relaxation equation is
dE _ "-___

d¢ - L

where T is the vibrational energy evaluated at the local translational

temperature and L is a where is. the nitrogen pressure

and (7) is the "vibrational relaxation time". In the calculations

was taken as the local static pressure since nitrogen is the major constituent

and (T 1b) was found by using the theoretical curve in Fig. 1 of Ref. 24.

Near -equilibrium we can put

dE dE

then

where the numerical subscript indicates the station where the quantity is

evaluated. When the relaxation length exceeded 1 cm, it was assumed that

dE -E

then

The calculations for a reservoir pressure of 75 atm indicate that the

nitrogen vibrational temperature would freeze in the first stage nozzle for

reservoir temperatures between 5000 and 7000'K. At 850 atm the vibrational

temperature did not freeze until the flow started the rapid expansion around

the turning wedge.
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TABLE I
FRACTION OF THE ENTHALPY OF EQUILIBRIUM AIR STORED IN DISSOCIATION

TEMP. PRESSURE

"K .100 atm 1000 atm

5000 .203 .094

6000 .273 .160

7000 .3311 .210

8000 .428 .268
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TABLE II

KINETIC DATA FOR REACTIONS OF NEUTRAL SPECIES

KF n AIT oxp (-e 1/T)cm3 mole"1 sec" FOR T IN OK

RE ICOLLISION

I REACTION PARTNER, MN AI ni of

KFI

i 02 + M 20 + M 02 3.6 x I0 2 1  -1.5 59380

2 K8  0 2.1 x 1018 -0.5 59390

3 N2  1.2 x 1021 -1.5 59380

4 N2 + MN 2N + M N2  3.0 x I02[ -1.5 113260

5 N 1.5 x 1022 -1.5 113260

6 02 ,0,NO 9.9 x I12 0  -J.5 113260

7 NO + M•N + 0 + N N2 ,0 2 ,0 5.2,x .102 1  -1.5 76490

N,NO,Ar

8 N + 02 -NO + 0 1.0 x 1012 0.5 3120

9 0 + N2 'NO + N 5.0 x JO1 3  0 38000

10 e" + NO N + 0 0
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