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Principle of Blackout Communications

S. N. SAMADDAR*
Raytheon Company, Sudbury, Mass.

Introduction

THE present discussion is intended to outline the method
of approach to the communications blackout problem in
both conical and cylindrical geometries. The cause of the
blackout results from the formation of a plasma sheath which
surrounds the vehicle traveling at hypersonic speed. It is
known in connection with radio-wave propagation through the
ionosphere that, in dense ionized media (which is character-
ized by the plasma-electron frequency w,), a comparatively
low frequency (i.e., w < w,) signal cannot propagate. How-
ever, the radio-wave propagation again becomes possible in
the presence of a static magnetic field in the plasma. There-
fore, it is very natural for one to be inclined to the idea of
somehow introducing a uniform magnetic field in the plasma
medium. Actually, the idea of using a static magnetic field
is not new, and there is a good deal of discussion on this sub-
ject in literature.! All of these discussions, however, pertain
to simple geometries? (e.g., rectangular), which do not really
resemble the actual shape of the space vehicle. Moreover, a
satisfactory elimination of the blackout also depends con-
siderably upon the orientation of the static magnetic field with
respect to the antenna configuration. In order to under-
stand the major causes of the blackout phenomena, we shall
restrict ourselves only to simplified models of the plasma and
the re-entry vehicle,

Coniecal Geometry

Here we shall consider a conical shape for the space vehicle
with an applied static magnetic field in the azimuthal ¢ direc-
tion. The spherical system of coordinates is used to represent
the cone, the axis of which is along the polar z-axis (see Fig.
1a). For the moment, we shall assume that such a uniform
static magnetic field can in some way be implemented.

Using a linear theory of approximation, the dielectric con-
stant of a stationary, cold plasma in a uniform static magnetic
field in the angular ¢ direction can be represented by the fol-
lowing mathematical form:

€ = roroe; + robojes — Oorojes + 008oer 1 dodoes 1

where 1y, 8, and ¢ are unit vectors in spherical coordinates.
The preceding representation of € in (1) has been derived
from the following relations:

V X H = joee'E = jwe E — n,g.V
m, WV + jwV) = —¢E + gBodo X V

where V is the a.c. velocity of the stationary electron-plasma.
Here the components of the dielectric tensor are defined as

a =14 w21 — ju/w)/[w? — w1 — jr/w)?] (2a)
& = (wo/w)wy?/[w2 — w1l — jv/w)?] (2b)
& =1— w[w(l — jr/w)] (2c)

where » is the collision frequency in radians, w. = ¢.Bo/m, is
the cyclotron frequency in radians, w, = [g,2n./(em,) ]2 is
the electron plasma frequency in radians, g, is the magnitude
of the charge of an electron, B, is the applied static magnetic-
field induction, n, is the electron density, & is the dielectric
constant of vacuum, and m, is the mass of an electron. In the
derivation of the equivalent dielectric constant of the plasma,
the motion of an ion due to an electromagnetic signal (with
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Fig. 1b Allowable frequency region for satisfactory com-
munication during blackout in the presence of an applied
static magnetic field.
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time-dependence ¢7¢%) is neglected in comparison to that of an
electron. All the components of € are assumed to be inde-
pendent of the coordinates (at least independent of the angle
¢). For convenience, it will also be assumed that the source
of the electromagnetic fields is constant in the ¢ direction
such that 0/0¢ = 0, and only the components E,, Ey, and H
are excited. This situation can be achieved by introducing
either a magnetic ring source (slot antenna) in the azimuthal
direction or an electric dipole along the z axis. With these
considerations, Maxwell’s equations in a source-free, aniso-
tropic plasma region can be expressed in the following way:

10 19 .
> or (rEo) — r o0 E, = — joul,
1 o ,. . .
7—'si—n€ ge (sm0 H¢) = jo)éo(élE,- + jégEg) (3)
10 . .
b (rHy) = jwe(jeE, — eFg)

It may be noted that Eqgs. (3) are independent of the com-
ponent es.

As it stands now, the solution to (3), subject to the appropri-
ate boundary conditions on the perfectly conducting cone
and on the boundary between the plasma and the free space,
presents a challenging problem. Naturally, no attempt is
made to solve it as it is. Nevertheless, a significant and most
practical conclusion can easily be drawn by a careful inspee-
tion of the equations in (3). If the strength of the static
magnetic field By is increased to a sufficiently high value such
that w,w, € w. and » <« w., then it can be shown that ¢ — 1
and e — 0 as By — . In this limit, the electromagnetic
fields do not experience the presence of the plasma sheath
(see Fig. 1b). Moreover, the mathematical difficulties are
simplified to the problem of the diffraction of electromagnetic
waves by a conducting cone in free space (a topic which can
be found in the existing literature).® ¢ It is not of interest to
consider the diffraction problem in this limiting situation so
far as the blackout phenomenon is concerned.

Now, one may ask what happens to the plasma sheath
on the surface of the cone when the static magnetic field in
the azimuthal direction is increased indefinitely. The math-
ematical limit shows that the plasma disappears. But, in an
actual situation, strong though the magnetic field may be,
it is always finite. Therefore, this strong magnetic field will
limit the plasma layer to a very small angle on the surface of
the cone, such that the antenna is not embedded in the
plasma or the attenuation caused by it will be very small.
If the physical counterpart of the model deseribed here can be
achieved, then it is obvious that the blackout phenomena
can be eliminated both in prineiple and in practice for conical
structures.

Cylindrical Structure

The preceding discussion concerning a conical space vehicle
shows that analytical solution of the problem is a formidable
task if not an impossible one. However, whenever a space
vehicle can reasonably be approximated by a perfectly con-
ducting cylindrical structure covered symmetrically by a
plasma layer, an analytical solution, although complicated,
can be obtained. Since a cylindrical geometry is more con-
venient to study from both the practical and analytical point
of view, two methods of eliminating blackout will be proposed
in this configuration.

In method A, the orientation of the static magnetic field
and the radiating source will be chosen in an analogous man-
ner to its conical counterpart so that experimental work, sup-
plemented by analysis, will establish the feasibility of apply-
ing the same principle to a conical section. In order to
eliminate the blackout in this situation, the external, static-
magnetic field should be in the ¢ direction of the cylindrical
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coordinates p, ¢, z. Moreover, the electromagnetic source
(i.e., antenna) should be a magnetic ring-current situated co-
axially around the cylinder such that all the field components
are independent of the ¢ coordinates [i.e., (0/0¢) = 0]. In
this case, only the components ¥,, E., and Hy will be excited,
and they are related by the following Maxwell’s equations:

0F OFE., .

”a—zp - ap = —_]w,u.oH¢ - .de,

o , .

Y Hy = — jwelal, + jeE.) €y
L2 (1) = jualaF. — joB,)

pap Pilgy) = Jwepl €Ll , Jesli,

where ¢,, = €. = €, which has the same representation given
by (2a), €, = €, = €, which has the same representation
given by (2b), and M is the magnetic current ring source.
Here also one may note that the previous Maxwell’s equa-
tions are independent of €55 = 1 — w2/ [w?(1 — j»/w)], which
is also independent of the static magnetic field. Therefore,
when By — = such that » « w., v, <« w., and w « ., the in-
fluence of the plasma sheath on the propagation of electro-
magnetic waves disappears as previously explained in connec-
tion with the conical space vehicle. However, in the present
situation, the solution of the previous set of differential equa-
tions does not involve too much mathematical complexity.
In fact, a Fourier component (with respect to the kernel
e97) of Hy can be expressed in terms of confluent hyper-
geometric functions or in terms of a series of the following
form (the detail analysis is the subject of a subsequent paper):

Hy = AJu(np) + BNi(np) + 3 Coprte

% =0

inside the plasma sheath, and H4 = DH,® (nop) outside the
plasma sheath, where 4, B, Cn, D, 5, and s are constants, and
1]02 = K02 —_ ’Y2 Wlth K02 = w2M0€0.

It seems that further work with a computer should be able
to show that even when the static magnetic field is finite, the
attenuation due to the high-density plasma sheath (i.e., black-
out) decreases with the increase of the applied static magne-

“tic field. This, we have already seen, will completely elimi-

nate the blackout in the infinite limit of By. Furthermore,
this analysis will enable one to become convinced that in the
cone configuration a finite static magnetic field will decrease
the attenuation of the electromagnetic wave due to a high-
density plasma sheath covering the cone.

Method B closely resembles some previous analytical work
performed by the author.® The comprehensive study of this
problem will be published elsewhere. Here the radiating
source is a slotted-line antenna parallel to the axis of a per-
fectly conducting cylinder and surrounded by a plasma layer
of finite thickness. The applied static magnetic field will
be parallel to the axis of the eylinder. If the length of the slot
antenna is sufficiently long compared to the wavelength of
the radiating frequency, the excited electromagnetic fields
will consist of H., E,, and E,only. In this situation also, the
analysis shows that the blackout completely disappears in the
limit of an infinite static magnetic field. Figure 1b shows
the allowable frequency region for satisfactory communica-
tion during blackout in the presence of an applied static mag-
netic field. This information will be approximately wvalid
for a cone configuration.

Remarks on the Implementation of a Static Magnetic

Field

The foregoing analysis and discussions are based on very
idealized models of the re-entry space vehicles. Without
elaborating on the practical method of generating the d. c.
(static) magnetic fields in the angular direction or in the axial
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direction of a eylindrical vehicle, the possibility of implemen-
tation of the d. c. magnetic fields was tacitly assumed. How-
ever, in practice, one does not find such ideal models. More-
over, the problem of generation of a d. ¢. magnetic field ef-
ficiently in an appropriate orientation may pose a stumbling
block to the whole approach. Therefore, first of all we shall
show that at least in principle a d. c. magnetic field in the
angular direction of a cylindrical geometry is possible. Once
this principle is accepted, then the second major step will be
how to generate this magnetic field more efficiently in a labora-
tory or in an actual space vehicle.

Consider a loop of a coil carrying a d. c¢. current inside a
cylindrical space vehicle, such that both sides of the coil are
not too close to the axis of the cylinder, as shown in Fig. lc.
Because of this particular choice® of geometry of the coil
carrying a eurrent, the generated d. c. (static) magnetic field
will have both radial and the angular components which are
also functions of p and ¢. The angular fields will be stronger
at points such as A and B in Fig. le. Now, if the region A or
B containing the strongest angular magnetic field is large
enough in comparison with the wavelength and the size of the
circumferential radiating source (slot antenna which does not
cover the entire angular region 0 to 27) which should be
located on the surface of the vehicle near A or B, this situation
may be considered reasonably close to the ideal case discussed
in the analysis. Tt is anticipated that such a situation can be
created in a laboratory, possibly with a little effort. One can
easily see that the generation of a static magnetic field in the
axial direction of a cylinder is also not very difficult, at least
in a laboratory.

If in the near future, the development of very powerful
electromagnets with reasonable size can be achieved, then the
implementation of a static magnetic field in the angular
direction of a conical or a cylindrical vehicle or in the axial
direction of a cylindrical vehicle will be more practical. For
practical purposes, the gap between the two pole pieces of
the magnet should be large enough to include the radiating
element.

Conclusion

In concluding this work, it would seem that the problem of
the blackout of radio communications due to a plasma sheath
can be at least eliminated in principle by a static magnetic field.
Practical application of the theory requires a static magnetic-
field, appropriately generated, which does not add appreei-
able weight to the present antenna and transmitter con-
figuration. Further work should include such a laboratory
study. It is hoped that developments of strong electromag-
nets using superconductors might play an important role in
the problem of the radio communication blackout during re-
entry. The analysis presented is appropriate for the simpli-
fied models considered here. An analysis may not be de-
veloped for an actual complicated re-entry situation. How-
ever, the simple approach made here tells us, at least, in what
way the future work may be directed.

It is important to note that in all the foregoing examples,
the orientation of the antenna and the static magnetic field
is chosen in such a way that the field components are inde-
pendent of the component of the dielectric tensor parallel to
the static magnetic field. This choice enables one to control
more effectively the electromagnetic waves by controlling the
applied d. c. magnetic field.
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Large Displacement Analysis of Axially
Compressed Circular Cylindrical Shells

C. H. Tsao*
Aerospace Corporation, El Sequndo, Calif.

Nomenclature

functions of wavelength ratio

Avy, Ay, Ag
E modulus of elasticity

L = ghell length

R = mean shell radius

w = potential energy

Wiy, Wi, W; = extensional strain energy, bending strain
energy, potential of applied axial load, re-
spectively

a, b, e = deflection parameters

¢ = wall thickness

u, v, W = axial, circumferential, and radial displacements,
respectively, at an arbitrary point

i, D, 10 = axial, circumferential, and radial displacements,
respectively, on median surface of shell

x = axial coordinate

2 = radial coordinate

Yrd, €y € = shear and normal strains at an arbitrary point

Trds €z, €0 = shear, axial, and circumferential strains on
median surface of shell, respectively

€ = unit end shortening

7 = 72Ri/\g?

Az, Ao = axial and circumferential half wavelengths, re-
spectively

® = Ag/Ny

v = Poisson’s ratio (0.3)

vi1, ver, V12 = functions of i, 7, ¥

£ = deflection parameter

o = applied average axial compressive stress

@ = circumferential coordinate

X11, X225 X12 = functions of %, 7, ¥

w =&

Introduction

Y use of a large displacement analysis it was shown in
Refs. 1-3 that buckled equilibrium configurations exist
at loads considerably below the classical buckling load. In
these analyses, only nonlinear terms involving the radial dis-
placement w were included. The present note contains an
investigation of the influence of the further retention of non-
linear terms involving the axial and circumferential displace-
ments % and ¢ on the minimum equilibrium load in the post-
buckling range.

Analysis
Strain-displacement relations for the general shell derived
from nonlinear theory of elasticity and Kirchhoff’s assump-
tion are given in Ref. 4 and modified in Ref. 5. These can be
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