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IRTRODUCTION

In considering the problem of cammunicating with outer space and de-
tection of spacecraft from the ground, one usually has to worry sbout only
the propegation characteristics of electromagnetic waves of vacuum wave-
length falling within either one of the two well known "atmospheric win-
dows," namely; (1) the "optical window" extending from sbout 0.3 microns
to a few microns, and (2) the "RF window" extending from a few millimeters
to about 30 meters in the wavelength sca_le.' However, during entry (or re-
entry) of a spacecraft into the earth's atmosphere, there exists two phy-
sical phenomena which tend to complicate the communication problem on the
one hand, and to simplify the detection problem on the other hand.

To explain these phenomena, let us take a look at the hypersonic
flow field around a typical vehicle depicted in Figure 1. This schematic
drawing is reproduced from a paper published by Professor Lester lees
of California Institute of Technology in 1962 (Ref. 1). Even though a

sphere is used here as an example for the sake of simplicity, the
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general features of the flow field are quite characteristic of those

of the hypersonic flow around a realistic spacecraft, such as the Mercury
capsule and the planned Apollo re-entry vehicle. As noted by Professor
Lees, one of the most striking features of the flow field around such

a blunt object at hypersonic speed is the bow shock wave. This shock
wave, nearly parabolic in shape, is first formed in front of the re-
entering spacecraft at altitudes of the order of 300,000 to 40O ,000

ft, depending on the size of the spacecraft. The gas that traverses

the strong, nearly normal portion of the bow shock wave, is compressed
and heated irreversibly by the shock, and forms an outer wake behind the
body. The temperature and density of the gas behind the apex of the bow
shock wave, where the gas is practically stagnant, is illustrated in
Fig. 2. This figure is reconstructed from a paper by B. Kivel, dated
1959.2 The temperature and density shown here as functions of flight
velocity and altitude were based on a local equilibrium adiabatic shock
compression process. The dotted lines illustrated some typical velocity-
altitude relationships for two typical spacecrafts during re-entry;
namely, & Mars probe and a near-orbit earth satellite. It is seen that
the gas temperature in the stagnation region, that is, the region behind
the apex of the bow shock wave, is typically of the order of 6,000 to
15,000°K. After the shock compression, the gas re-expands as it accel-
erates around the side of the spacecraft so that the temperature in the
other part of the flow field may be expected to be somewhat lower. How-
ever, even after isentropic expansion back to ambient pressure, which
occur in a distance of sbout 50 to 100 diameters behind the spacecraft,
the gas temperature would still remain at sbout L500°K at satellite ve-

locity and at about TOOO®K at the Mars probe velocity. At these high
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temperatures, air, which is normally transparent through the visible
part of the spectrum, becomes highly dissociated, ionized and optically
active. This is illustrated in Fig. 3 and L, which depict the chemical
composition of air behind the normal shock wave up to satellite velocity,
and the spontaneous emission intensity up to 18,000°K temperature under
the condition of thermodynamic equilibriwum. Since this emitted radiation,
which amounts to many kilowatts or even megawatts per liter of the high
temperature air, is given out mostly in the visible part of the spectrum,
it becomes a bothersome background noise when one tries to communicate
with a spacecraft through the "optical window" of the atmosphere. On
the other hand, this strong radiation also serves as a natural besmcon
announcing the arrival of the spacecraft as it enters the earth's atmo-
sphere. An example of this phenomenon is illustrated in Fig. 5, which
shows a ballistic camera trace of a missile nose come as recorded by

the Avco Everett Research Laboratory over the south Atlantic.h This
photograph was taken with an open shutter camera in much the same vay

as in the recording of luminous meteor trails.

The second physical phenomenon which complicates the commnication
problem of hypersonic flight is the ionization phencmenon. At satellite
velocity, the degree of ionization behind a normal shock under the con—
ditions of thermodynamic equilibrium is about 0.1%. At higher velocities,
the degree of ionization is correspondingly higher (see Fig. 6 and Ref.
5). Even at the degree of ionization of 0.1%, the high temperature air
is already & better conductor of electricity than sea water by a factor
of about 100. In terms of number of free electrons present, a 0.1%

13

icnization corresponds to 5 x 107~ electrons per cubic centimeter be-

hind a bow shock at an altitude of 40 miles. This is about 108 times
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greater than the maximum electron density found in the ionosphere. Thus,
a re-entering satellite would soon find itself engulfed in a plasma sheet
which is practically impenetrable to radio frequency electromagnetic
radiation. This gives rise to the so-called "communication black-out"
phenomenon, which normally occupies the essential part of the re-entry
period.

Even though the thermal ionization phenomenon just mentioned does
not make the gas emit strongly in the radio frequency part of the elec-
tromagnetic spectrum, it nevertheless manifests itself in the detection
problem in another way; namely, as the ionized gas expands around the
side of the spacecraft into the wake, the electrons that are produced
by the bow shock wave do not disappear immediately. Instead, they re-
combine at a finite rate and hence persist over considerable distances
behind the spacecraft. For spacecrafts of sufficiently large sizes, the
wake flow often becomes turbulent even at relatively high altitudes (see
Refs. 1 and 6). As the ionized gas produced by the bow shock wave is
inhomogeneously mixed with the cold ambient air in the turbulent flow
field, the resultant gas mixture becomes a very good scatterer of radio
frequency electromagnetic radiation.7 This is illustrated in Fig. T,
which shows the strong radio echoes observed by Lin, Goldberg, and
Ja.nney8 during re-entry of the MA-6 Mercury capsule carrying Lt. Col.
John Glenn in his first orbital flight on February 20, 1962. The radio
frequency employed in this case was 30 Mc/S and the altitude of the
Mercury capsule during the observation was about 230,000 ft. For
several seconds before and after the Mercury capsule passed overhead
the observation station, the equivalent back-scattering cross section

of the turbulent wake of the Mercury capsule was found to be several



-IX-5-

thousand times greater than the bare-body cross section of the Mercury

capsule itself in free space.

COMMUNICATIONS THROUGH IONIZED SEOCK LAYERS

AND WAKES

With the above introductory remarks, we shall now examine the fun-
damental problems related to the radiation and ionization phencmena.
In particular, we shall try to identify the various physical quantities
which govern the absclute intensities of these phenomena. In view of
the fact that the problems of communication through the optical window
and through the RF window of the atmosphere are somewhat different
{(even though the fundemental processes are samewhat relsted), we shall
consider these two problems separastely. Here we are using the word
"ecommunication” in = somewhat general sense to include both the prob-
lems of detection and of signal-sending.

Comrunication Through the Optical Window: The problem of commun-—

ication through the optical window invariably involves the guestion of
absolute spectral emissivity of the high temperature air produced in

a hypersonic flow field. A typical set of emission spectra from shock-
heated air, nitrogen and oxygen is illustrated in Fig. 8. It is seen
that the spectra generally comsist of intense molecular bands, atamic
lines, and continua of various origins which spread over the major por-
tion of the visible spectrum. In the problem of detection of spacecraft
during re-entry, one is most interested in those parts of the spectrum
where the emission is the strongest in order to select the most suitable

optical sensor. On the conmtrary, in the signal-sending problem, one is
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interested in the other parts of the spectrum where the emission is
the weakest so that the background noise within the communication
channel (e.g., a narrow-band laser beam) can be avoided as much as
possible. In this latter problem, one is also interested in knowing
the absorption coefficient of the high temperature gas in the same
spectral region, so that the sending of optical signals through' the
shock layer can be made with a minimum amount of attenuation.

In order to determine the absolute spectral emissivity and absorb-
tivity in the various parts of the hypersonic flow field, it is necessary
first of all to know the thermodynamic state of the gas in the various
parts of the flow field. Secondly, one has to know all the chemical
kinetic processes which determine the relative concentration of the
different chemical species which participate in the emission and ab-
sorption processes. (This includes also the excitation and de—
excitation mechanisms of the various energy states for each chemical
species.) Finally, after knowing the relative population of the various

: energy states of the different chemical species, one needs to know
further the absolute optical transition probabilities associated with
various molecular bands and atomic lines.

Communication Through the RF Window: Due to the great disparity

between the atomic length scale and the wavelength of radio frequency
electromagnetic waves, the bound states of atoms and molecules generally
do not absorb strongly in the radio frequency part of the electromagnetic
spectrum. Therefore, thé communication problem through the RF window
essentially involves the presence of free electrons in the high tem-
perature gas.

The problem of propagation of radio waves through an ionized medium
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has been a subject of intense study at the turn of this century by
physicists and geophysicists, such as lorentz, Appleton, Chapman,

10, 11

Sellmeyer, Heavyside, Hartree and others. More recently, this

has also been a subject of intense study by plasma physicists,lz’ 13
but in this latter case the interest has mainly been centered around
the problems of weve propagation and emission in 2 highly ionized gas
in the presence of a strong magnetic field. In the present discussion,
however, it suffices to go back to the classical dispersion formulae
as derived by Lorentz and others to illustrate the point.

The propagstion of a plane wave of amplitude E in a dispersive

medium can in general be represented by the following equation:

g = B explilut - y;—o)] 1

where

i lnro—) 1/2 (2)

y=n-ik = (I - -

in the complex propagation comstant; w is the angular freguency; and
#* = C/w is the free-space wavelength dived by 2 n. The real pert
of the propagation constant n, known as the "refractive index.”
determines the velocity of propagation; while the imaginary part k,
known as the "extinction coefficient," determines the rate at which
the amplitude of the electromagnetic wave attenuates with distance

along the direction of propagation a. The refractive index n and the

extinction coefficient k are in turn related to the dielectric constant
€ and the electrical conductivity ¢ through the second half of Eq. (2).
For an ionized gas in the absence of a strong magnetic field, the die-

lectric constant and the electrical conductivity are respectively given
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by (according to Lorentz, as modified by Sellmeyer, see Ref. 9)

w 2
¢ Tl- 5t (3)
w + v
w_ 2y
bno = _E_IL—_é (4)
w + v

In the above expression, mp is the angular plasma frequency, which is
linearly proportional to the square root of the number density of free
electrons ne, such that (e being the electron charge, and mE being the

electron mass)

w = = g (5)

The quantity v , known as the electron collision frequency, on the other
hand, is a complicated averaged quantity which measures the rate of
damping of the organized electron motion due to collisions with the
gas molecules, atoms and positive ions.11 However, in a dilute ionized

gas, one may write as an approximation

S ®)

where ée is the mean thermal velocity of the electroms, nJ and Qj

are respectively the number density and velocity-averaged momentum
transfer cross section for collision between an electron and the type-J
particle in the ionized gas. The summation sign is to extend over all

particles except the electrons.
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From the above expressions, it is seen that the rate of attenunation
of electromagnetic waves generally increases with the electron number
density and with the gas density.

In 1956, the author has made same rough estimates of the amount of
attenuation of radio frequency electromagnetic waves to be expected
through the shock layer and through the wake ,lh using the above dis-
persion formulea and the then incomplete information concerning the
properties of the hypersonic flow field. The results are reproduced
here in Figs. 9, 10(a) and (b). The surprising conclusion was that even
at re-entry velocity corresponding to that of long range missiles (i.e.,
somevhat below the satellite velocity), it appeared very difficult to
overcome the"communication blackout" phenomenon during re-entry, except
perheps through the use of extremely-low or extremely-high radio fre-
quencies. However, the basic information concerning the atomic and
molecular properties of high temperature air as well as the hypersonic
flow field was too incomplete and uncertain at that time to allow one
to consider such estimates very quantitative. To obtain quantitstive
information, one needs to know again the precise thermodynamic state
of the gas in the various parts of the flow field; the chemical kinetic
processes which govern the rates of production and of disappearance of
free electrons; the momentum transfer cross sectioms of the various
chemical species in much the same order as in the optical communication

problem.
THE PROBLEM OF SIMULATION

From the foregoing discussion it is quite clear that the problem
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of communication with a spacecraft during a re-entry crosses many fields.
Tts solution requires a simultaneous treatment of the fluid dynamics
problem, the chemical kinetics problem, and the problem of propaga-

tion of electromagnetic waves in an inhomogeneous hypersonic flow field.
Because of the complexity of the problem, there naturally arises the
question of whether one can obtain an analogue-type solution to the
overall problem through the use of properly constructed scale model in
the laboratory without going into the intermediate steps of understanding
the various processes. In other words, there is a question of whether
the re-entry communication problem can be easily simulated. Unfortunately,
the answer seems to be discouragingly negative as far as direct simulation
is concerned. The reasons are many. For one thing, the chemical kinetic
processes which govern the thermodynamic and chemical properties of the
flow field do not have a simple density dependence. For example, the
endothermic processes which govern the dissociation and ionization rates
of air in the shock compression region mainly involve binary collisions,
whereas the exothermic processes which govern the atomic recombination
rate and the electron attachment rate in the expansion region mostly
involve ternary collisions. For binary reactions, the instantaneous
rates depend on the square of the local gas density; while for termary
reactions, the instantaneous rates depend on the cube of the local gas
density. This is illustrated by Fig. 11, which shows the various re-
gions in the model size versus gas density plot in which the scaling of
the chemical reaction rates in the hypersonic wake is either binary,
ternary, or a combination of both.15 For another thing, in the pro-
pagation problem, the refractive index n and the extinction coeffic -

ient « not have a simple density and wavelength dependence (see Egs.




~IX-11-

1 through 6). Therefore, in order to obtain full simulation of all the
vhenomena, one must duplicate the physical dimension of the spacecraft,
the free stream conditions, and the electromagnetic wavelength at the
same time.

While the problem of full simulation appears very difficult, if not
impossible, it is fortunate that there is a natural separation between
the dynamics aspect of the hypersonic flow problem and the chemical
physics aspect of the hypersonic flow problem, in the sense that the
pressure and velocity distributions are relatively insensitive to the
equation of state of the gas. Similarly, there also exists a natural
separation between the fluid dynamics problem and the electromagnetic
problem of propagation, to the extent that within limits of the electro-
magnetic wave power density there is very little interaction between the
two phenomena. This, in effect, allows one to treat the three aspects
of the problem quite separately and to carry out partial similation
whenever appropriate. Final answer to the overall problem can then be
obtained through synthesis. We shall now illustrate how this can be
done:

Referring again to the schematic drawing of the hypersonic flow
field shown in Fig. 1, the pressure field is mostly controlled by the
shape of the bow shock (see Ref. 1). Due to continuous decrease in
strength of the bow shock wave away from the apex, the chemical re-
action and excitation processes occur mostly in those parts of the
fluid which are closest to the flight axis of the re—entering space-
craft (that is, the high enthalpy gas that has been processed by the
nearly normal portion of the bow shock wave}. Since the total mass

of this gas is small compared with the total mass of air engulfed by
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the bow shock wave, it has relatively little effect on the overall
pressure field of the hypersonic flow. On the other hand, the bulk

of the gas which passed through the outer and relative weak part of
the bow shock wave experiences little temperature change and hence has
little chemical activity. Thus, the pressure distribution throughout
the hypersonic flow field can be determined quite reliably through

the application of hypersonic flow theories that have been developed
for perfect gases of constant specific heats.l6 From the pressure
field so determined, the velocity field for the high enthalpy flow
near the flight axis can in turn be-determined from the (nearly one-
dimensional) equation of motion. From the known pressure and velocity
fields, the time history of chemical reactions following each fluid
element can then be determined if all the chemical kinetic and excit-
ation rate constants were known.ll Knowing the distribution of chemical
species in the high enthalpy flow, the electromagnetic properties of
the hypersonic flow field can in turn be calculated from the atomic and
molecular properties of the various chemical species. From the known
distribution of electrical properties of the flow field, a final sim-
ulation of the electromhgnetic propagation can be made through the use
of models made of suitable dielectric or diamagnetic material which
duplicate the distribution of the complex propagation constant of the
flow field.

What we just proposed is in effect to subdivide the entire simula-
tion problem into three separate parts; namely, (i) an aerodynamic
simulation to determine the pressure and velocity field, using hyper-
sonic wind tunnel or ballistic range facilities which simulate the flight

Mach number and Reynolds number but not necessarily the stagnation
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Galilean transformation in the direction tangential to the shock sur-
face.} The operating principle of a shock tube has been adequately
described in previous litc—:‘ratures.l8 As illustrated in Fig. 12, the
basic elements of this apparatus consist of just a high pressure chamber
and = low pressure chamber connected by a suitable diaphragm. When the
diaphragm is ruptured, a shock wave is formed and propagates down the
low pressure chamber during the early transient of the pressure equi-
lization process. Observations can then be made of the various physical
phenormena at the downstream end of the low pressure chamber through the
use of suitably fast detectors. By simple varistion of geometiry, the
shock tube can be adapted to verform quantitative experiments over wide
ranges of temperature, density and chemical composition of the gas
samples. With proper care, it is also possible to reduce all the un-
desirable effects, such as wall contamination, flow inhomogeneity, ete.,
to the level of small perturbations. Thus, the resultant shock-heated
gas sample (that is, the region between the shock surface and the contact
discontinuity in Fig. 12(b) ) approaches that of an idealized one—dimen-~
sional flow behind a plane shock wave. Figure 13 shows an actual photo-
graph of a relatively large diameter shock tube which has been con-
structed scme time age at the Avco-Everett Research Laboratory for
chemical kinetic studies.

For simulation of the chemical kinetic processes behind a bow
shock wave in flight, it is now only necessary to duplicate the shock
velocity and ambient air pressure in the laboratory. Figure 1k shows
the shock velocity and initial bressure ranges which are accessible to
shock tubes of wvarious ty‘pes.2o This may be compared with the velocity-

density regime of interest to the flight case shown in Fig. 2. Typical
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enthalpy corresponding to the flight condition. In this connection,
existing hypersonic theories based on non-reacting perfect gases may
well be utilized;l6 (ii) a chemical kinetics and atomic physics sim-
ulation, using high temperatures shock tubes or molecular beams to
determine the fundamental rate constants, excitation cross sections,
and other atomic and molecular properties of interest. Yere, one may,
of cuurse, enlist the help of existing chemical kinetics and atomic
theories whenever appropriate; (iii) an electromagnetic simulation
using dielectric or diamagnetic models to study the antenna pattern
if existing propagation theories prove to be inadequate.

Of the above three items, (i) is already adequately covered by
Mr. Potter earlier in this session;l7 (ii) is a topic which I would
like to elaborate on in a few moments; (iii) is a topic quite outside

the scope of the present session.
CHEMICAL KINETICS AND ATOMIC PHYSICS SIMULATION

Within the remaining time available, I would like to view briefly
the problem of chemical kinetics and atomic physics simulation. 1In
particular, I would like to highlight some of the significant results
which have been obtained from recent high temperature shock tube
studies in connection with the problem under consideration.

Considering the shock compression process across the bow shock wave
as a locally one-dimensional phenomenon, one can quite readily reproduce
all the chemical kinetic processes in the laboratory using a high tem-
perature shock tube. (Note that the flow across a plane oblique shock

wave is equivalent to the flow across a normal shock wave with a simple
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results showing the equilibrium spectral radiation intensity behind
the shock wave; the ratio between the peak nonequilibrium radiation to
the equilibrium radiation; the electrical conductivity of shock~heated
air; some of the momentum transfer cross sections betveen electron and
neutral atoms; the electron density distribution behind a normal shock;
the peak nonequilibrium electron density; and the characteristic ioniza-
tion distance behind the shock are illustrated respectively in Figs. 15
through 21. For detailed information concerning the individual experi-
ments leading to the results just presented, the readers are referred to
the referenced literature indicated in the respective figure captions.
Finelly, to illustrate how the chemical kinetics information may
be utilized to determine the electromagnetic property of the hypersonic
flow field from a synthesis of the aerodynamics and chemical kinetiecs
simulation, a typical plot of the free electron number density distri-
bution in the wake of a sphere at hypersonic speed, and the absolute
root-mean-square electron density flucutetion in the wake, are illus-
trated respectively in Figs. 22 and 23. Detailed descriptions of how

such synthesis was carried out may be found in Refs.15 and 23.
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Figure 1: Wake behind blunt body at hypersonic speeds (after Lees,
Ref. 1).
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distributions behind the shock for the case Us =6.9 + 0.05 km/sec

end P, = 0.02 m Hg. (See Ref. 22).
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Figure 15: Equilibrium radiation data obtained by photomultipliers and
infrared gauges versus wavelength obtained on incident air shocks

U_ = 10 mm/usec, Pl = 0.1 mm Hg. The degree of ionization is about

s

10% (after Allen, Rose and Camm, Ref. 21).
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Allen, Rose and Camm (Ref. 21).




24" diameter shock tube at the Avco-Everett
Ref. 19).
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Figure 12(a): Schematic drawing of a conventional shock tube
by

x-t diagram showing the progress of shock and expansion
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were originally in the high and low pressure portions
of the shock tube are separated by the contact dis-
continuity.

(c): The pressure distribution along the shock tube at times

tO and tl.
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Figure 6: Equilibrium degree of ionization behind a normal shock wave
in argon-free air as a function of shock velocity for & range of values
of initiel pressure, p., in the undisturbed gas. The variation of
equilibrium temperaturé with shock speed is also shown {see Ref. 5).
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Figure 7: Back-scatter cross section of MA-6 Mercury capsule during
re-entry observed by Lin, Goldberg and Janney(Ref. 8).
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