











('=0.) For propagation transverse to the magnetic

field [#=m/2] resonance occurs for tan §= = or:
en=0; Le., 1=w2/(0®—w}).

Zeros will occur in the dielectric coeflicient when

C=0 (if A#0 simultaneously). This leads to the
condition for cutoff, namely:

633(6?1—6f2):() (7)
which is independent of angle. Equation (7) thus
gives:

1=0w)/w?
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The poles and zeros of the dielectric coefficient
separate the values of the plasma properties where
the dielectric coeflicient is negative or positive. In
regions between adjacent poles and zeros (resonances
and cutoff) where the dielectric coefficient is negative,
electromagnetic waves cannot penetrate without
severe attenuation. These regions thus designate
“stop-bands” for the propagation of e-m waves in a
plasma.

A schematic diagram showing the variation of the
opaque and transparent regions of an anisotropic
plasma with plasma parameters for both the ordinary
and extraordinary wave are shown in figure 7.
Figure 7a is for propagation along the direction of
the static magnetic field and figure 7b for propaga-
tion normal to the direction of the static magnetic
field. These ‘“pass” regions depend upon the
radio frequency, polarization and angle of meidence
of the electromagnetic wave, and upon the electron
density and applied static magnetic field. Hence
an electromagnetic wave of any frequency can be
made to penetrate through the plasma provided a
sufficiently strong magnetic field is applied to the
plasma.

The above considerations have led to the suggestion
[Hodara et al., 1960; Flesher, 1960] of using magnetic
fields to alter the plasma characteristics in order to
achieve communications using an appropriate mag-
neto-ionic mode.

The value of magnetic field required to open these
“windows” in the plasma is defined through the
magnitude of the electron cyclotron frequency;
namely:

wp= i’% By|=17.6X10°B, (gauss) ©)

The actual magnitude of field necessary will depend
upon the wave mode used, the radio frequency of
operation and the electron density of the plasma
and can readily be calculated. Hodara [1961] has
published a number of numerical results for the
right-hand circularly polarized wave for propagation

in the direction of the applied magnetic field. In
general, values of several hundred gauss and greater
are required. Hence, weight, size, and power
supply considerations become of prime importance.
In this regard the use of superconducting materials
looks very promising despite the problem of cooling
these alloys to very low temperatures.

Mullin [1962] has raised the problem of the energy
lost due to the mismatch presented by a finite slab
of plasma even when the plasma 1is transparent
once the e¢-m signal penetrates into the plasma.
The effect of the mismatch is to reduce the apparent
advantage of the extraordinary wave mode over the
ordinary wave mode for propagation along the
magnetic field and to cause the transmission proper-
ties of the extraordinary wave mode to exhibit
sharp peaks (when the optical thickness of the
plasma is m(\/4), m being an integer) with changing
plasma density. In the reentry case, the plasma
boundaries will not be infinitely sharp so that this
effect may not be so severe. Nevertheless it may
still be appreciable. Schemes to vary the strength
of the magnetic field in order to minimize the
mismatch and to shape the magnetic field to com-
pensate for the plasma nonuniformity have also
been suggested [Fischer, 1963].
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Fraure 7. Dependence of cutoff regions of magneto-ionic wave
modes on plasma frequency and electron gyrofrequency for
(a) propagation along the direction of magnetic field (6=0°),
(b) propagation across the direction of magnetic field (0=m/2).
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Ficure 8. Experimental measurements of transmission of a circularly polarized plane electromagnetic wave through a slab of
plasma (1.56 wavelengths thick) of varying electron density generated in helium at a pressure of 0.5 torr.
Plasma density is the same for corresponding timing markers (starting with the innermost).

For propagation along the direction of magnetic
field, it is necessary to use circularly polarized e-m
waves if Faraday rotation effects are to be avoided.
Furthermore, a gain of 3 dB over a linearly polarized
e-m wave may be achieved by using the appropriate
circular polarization if the second mode is cutoff
under the operating conditions.

Although substantial theoretical work has been
done on various aspects of magneto-ionic theory in
order to achieve communication during reentry, there
exists surprisingly few published measurements on
propagation of e-m waves in dense magnetized
plasmas [Mahaffey, 1963; Dellis and Weaver, 1964].
Hence experimental techniques for using the mag-
netic field to alter the plasma, the influence of
practical geometric configurations and the degree
of accord to be expected between the theory and
free-flight experiment is still largely open for in-
vestigation. Some indication of the influence of a
magnetic field on propagation through a plasma
slab has been obtained by Bachynski and Gibbs
[1964]. Figure 8 gives a typical example of results
for propagation of a circularly polarized plane wave
in a plasma along the direction of the magnetic
field for a pulsed plasma (varying electron density).
For the extraordinary wave at magnetic field
strengths such that w, <1, the plasma is more
opaque than in the absence of a magnetic field.
For w,/w>1 the plasma is more transparent than
in the isotropic case. (As well, the direction of
phase change reverses since p?>>1.) With increasing
magnetic field the plasma becomes increasingly
transparent to the ordinary wave in the range of
densities generated.

(Another method to alter the propagation modes
in a plasma either with or without the use of magnetic
fields is to shoot an electron beam into the plasma
and propagate e-m waves along the direction of the
beam. This changes the refractive index of the
plasma from its isotropic value. No serious con-
siderations have as yet been paid to this technique,
primarily due to the problem of coupling the e-m
energy into such a system and its technical difficul-
ties.)

2.4. Modification of Plasma Sheath by Chemical
Seeding

The electromagnetic properties of a plasma can be
modified by chemical seeding with additives which

(a) increase the electron density,

(b) decrease the electron density either by

(i) electron attachment to neutral molecules
(i1) decreasing the electron recombination time

(¢) change the collision cross section of the

species constituting the plasma.

The addition of chemicals which have a very low
ionization potential, such as the alkalis, to a plasma
in the medium such as air would be expected to
enhance the electron density. Calculations by
Hochstim [1961] show that the effect of cesium on
air is to increase the electron concentration very
substantially at low temperatures (3,000 to 6,000 °
K). Forinstance, the addition of one percent cesium
to air at temperature 5,000 °K and density p/p,=107°
increases the electron concentration by a factor of
50. At temperatures above 8,500 °K the ionization
of air is large enough that cesium concentration of
less than cne percent will not contribute significantly
to the electron density.

Seeding with additives, which have a high electron
affinity and hence form negative ions by electron
apture [see for instance Massey, 1950; Branscomb,
1957; Bates, 1962] can be expected to decrease the
electron concentration. The reaction for a given
species A is of the form:

A+e—A- (9)
although other intermediate processes may be
involved in some cases. The effect on the plasma
1s to replace a highly mobile electron by a less mobile
heavy negative ion thereby markedly altering the
electromagnetic properties of the plasma so that an
e-m wave interacts primarily with the remaining
electrons in the plasma.

This seeding technique depends upon the selection
of a molecule with a large electron capture cross
section at the appropriate thermal conditions. For
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most elements, direct theoretical calculations are
either too difficult or too tedious to permit quantita-
tive evaluation of electron affinities. Hence it is
difficult to rule out many species as potentially more
appropriate than others. Table 1 shows a list of
common electronegative seeding materials and some
of their characteristic properties.

TasLe 1.—Characteristics of common electronegative gases

Electronegative | Attachment cross |Electron mu'rg_\"
gas section for max. Reference
attachment
cm 2 €v
Oy } 1.3 X10-18 6.2 Buchelnikova [1959]
| 2. 25X 1018 6.7 Craggs, Thorburn,
| Tozer [1957]

CO (forming 0-)_ 2.27X10-18 10. 1 Craggs & Tozer [1958]
CO; (forming 0-)_ 5.1 X10-19 7.8 Craggs & Tozer [1960]
4.8 X10-18 6.4 |

3.9 X10-18 0.6 Buchelnikova [1959]
5.8 X10-17 .5
L. _ ~ 3 X10-15 ~0 Biondi & Fox [1958]
SFg..__-_ 1.2 X10-15 ~0 Craggs & Meek [1962]
5.7 X10-16 .01 Buchelnikova [1959]
1.2 X10-15 .01 Buchelnikova [1958]
| ~10-15 ~0 Hickam & Fox [1956]
|
CCOly_ ... ___ | 1.3 X10-16 .02 Buchelnikova [1959]
i 1.7 X10-17 .02 Buchelnikova [1958]

Very encouraging experimental results on seeding
an argon plasma with sulfur hexafluoride (SK;) as
the electronegative gas have recently been obtained
[Cloutier and Carswell, 1963; Carswell and Cloutier,
1964].  An indication of the striking change in the
plasma created by the introduction of SFg is shown
m figure 9 where the microwave backscatter signal
(at 9.2 Ge/s) is plotted as function of the seeding
ratio.  For seeding ratios of the order 4 x 107" the
backscattered signal is reduced by at least a factor
of 100 from the unseeded plasma. 'The capture process
appears to be very efficient since this corresponds
to approximately an equal number of electronegative
modecules being injected into the plasma as there are
electrons in the plasma originally. Measurements
performed using argon, nitrogen, and oxygen as the
seed gases in argon were also studied and showed no
effect on the plasma properties even at seeding rates
which were a factor 10 greater than those used for
the sulfur hexafluoride. Further experimental
measurements under a variety of thermal conditions
are still necessary before the technique can be
established as suitable for appreciably modifying a
reentry plasma and before realistic estimates of the
required seed material can be made.

A second method of decreasing the electron
concentration in a plasma is to alter the electron
recombination time. Some measurements on the
effect of introducing water vapor into a plasma have
been reported by Kuhns [1962]. The influence of
the water vapor was to decrease the electron density
and hence reduce the attenuation of an rf signal
propagating through the plasma. Considerably
more investication 1s required before the feasibility
of this technique is established.
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Frcure 9. Variation of 9.2 Gels ratio signal backscattered from
a plasma column for various seeding ratios (After Carswell
and Cloutier [196/]).

A further physical process which may occur
during the process of seeding is that the collision
cross sections of the chemical additives will be
greater than that of the initial species constituting
the plasma. The net result is that the collision
frequency of the plasma ensemble will be increased
(since the collision frequencies of the various species
may be considered as additive). This can result in
a decrease in the reflecting properties of the plasma.
However, more of the rf energy is absorbed in the
plasma thus increasing the noise emission from the
plasma and the net energy which is transmitted
throuch the plasma is less than for a smaller col-
lision frequency. In order to use this process for
propagation of radio signals through a plasma it is
necessary to decrease the collision frequency of the
plasma (except at low radio frequencies and high
collision frequencies as discussed earlier).

Removal of the concentration of free-electrons in
a plasma by chemical injection of small (micron
size) inert refractory material has also been sug-
gested [Rosen, 1962]. The interaction of e-m waves
with such a medium is yet to be determined.

2.5. Modification of Plasma by Aerodynamic Effacts

A major consideration is the location of the
recelving or transmitting antenna on the vehicle.
If possible this should be at regions of “low temper-
ature” on the space craft and hence regions about
which the smallest plasma density is created. Con-
siderable control over this factor can be exercised
by the design shape of the vehicle. A body with a
sharp nose, for example, will create a weaker shock
wave and hence generate a weaker plasma to engulf
the vehicle. It may also be possible to protrude
antennas outside the main plasma sheath such that
the plasma formed on the antenna itself will be
relatively thin.
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Any aerodynamic phenomena which tends to
reduce the temperature on the body of a space
vehicle and hence of the plasma near it will potential-
ly reduce the ionization and thus the electron
density of the plasma. Various cooling schemes
such as forcing a fluid through a porous skin of the
vehicle which is in contact with the hot plasma
(transpiration cooling) have been suggested. The
question is whether such cooling would be sufficient
to reduce the electron density to a point where the
plasma would have little effect on electromagnetic
waves and hence communications, still remains to
be answered.

3. Conclusions

A number of techniques—very high radio-fre-
quency waves, low radio-frequency waves, imposition
of static magnetic fields, chemical seeding and
aerodynamic shaping show promise, under specific
conditions, of permitting radio signals to penetrate
through the plasma sheath generated by a hyper-
sonic reentry vehicle. None of the methods are
without major limitations. In most cases con-
siderable experimental information is lacking in
order to establish the technique on a firm practical
basis.
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